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This thesis describes the development of proton beam writing for microfluidic applica-
tions. In first part of the thesis we used a focused beam of protons to fabricate through
direct writing microfluidic structures in solid sheets of poly(methylmethacrylate)
PMMA resist. The microchannels have been sealed and used for fluidic character-
ization. Electrokinetic force has been used to flow a fluid inside the channels. A
series of experimental and theoretical fluid dynamic studies have been carried out
to characterize the fluid flow inside the channels by measuring the flow rate, the
flow velocity profile and the electric potential at the surface of the channels (zeta
potential). The characterization methods are developed in house and involve particle
image velocimetry (PIV) and current monitoring. Using these methods, quantities
such as electrophoresis mobility of sub-micron plastic microspheres and electroosmosis
mobility and zeta potential of the direct written microchannels have been measured
which are comparable to the values reported in the literature. These characteristics
together with lithographic parameters such as side wall smoothness, and verticality
of the side walls indicate that proton beam has high potential for fabrication of three
dimensional high aspect ratio fluidic structures.
The second part of the thesis is focused on developing a low-cost and high-
throughput imprinting method to fabricate microfluidic structures into different poly-
mers. Using a combination of proton beam writing and nickel electroplating, metallic
stamps with micron size and nano size features on its surface have been fabricated.
This approach produces a simple fabrication process with material flexibility and pre-
cise depth control. High quality Ni stamps with smooth and vertical three dimensional
viii
ix
micon size and nano size surface features have been fabricated. The stamps have been
used for imprint lithography with successful replication into PMMA polymers.
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Introduction
Micro and Nano fluidics are emerging areas of research with very useful applications
in various fields of bio and nano-science such as biosensors, biodevices and DNA (de-
oxyribonuclei acid) analytical systems. The basic idea is to shrink down a chemical
laboratory into a very small chip which can perform similar chemical and biologi-
cal reactions but at very small scales. The key advantages of miniaturization are
in increasing the speed of analysis, reducing the sample and reagent volumes used
for synthesis and analysis, and achieving very precise control (at atomic level) over
the chemical reactions. One of the steps in the future development of this technol-
ogy is to transfer the biochip devices with all the analytical systems from silicon to
polymer. Polymers have lots of advantages over other substrate materials in biochip
applications, e.g. they are cheap, disposable, biocompatible, easy to handle, more
accessible, and posses a wide range of chemical and physical properties with differ-
ent functionalities. Polymers can be used for mass production of biochip devices
using simple imprinting methods. There are several different approaches to develop
biochips in polymers. Imprint technologies are among the most suitable approaches
to transfer any pattern into any polymer with a simple low-cost and high-throughput
process. This means the developing of imprinting technologies are very beneficial and
important especially for polymeric devices. However, imprinting methods based on
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2stamps and molds to transfer the patterns into a polymeric substrate utilize a cycle
of hot press and cold release. This puts stamps and molds at the core of the imprint
methods. In order to achieve high quality metallic stamps with the desired pat-
terns there are a limited number of direct write techniques available. In this thesis,
we use proton beam writing as a three dimensional single step direct write tech-
nique both to directly fabricate fluidic structures into polymers and also to fabricate
metallic stamps with similar patterns to imprint the fluidic structures into different
polymers. The thesis starts by describing direct writing of the microfluidic channels
in poly(methylmethacrylate) PMMA resist. Using fluidic characterization methods,
the flow rate and flow velocity profile in the channels were measured. The p-beam
writing approach is only suitable for fabricating a small number of microfluidic de-
vices. Therefore, in the next step we developed the stamp technology to imprint
multiple copies of the microfluidic patterns into different polymeric substrates using
nanoimprint lithography (NIL).
In chapter 1, we present an over view of all the available nanofabrication tech-
niques using a top-down approach including direct write and projection lithography
techniques, as well as the bottom up approaches based on self assembly of atoms and
molecules to build up nanostructures.
In chapter 2, we explain how to make the microfluidic channels in solid sheets
of PMMA resist with high molecular weight using a direct write focused beam of
energetic protons. Presented are also some details about how to develop, clean, drill
holes connected to channels, and how to bond the channels. We have fabricated two
series of channels using a) magnetic scanning of the proton beam, typically used for
structures up to areas of 2×2 mm2, and b) magnetic plus stage scanning at constant
3speed, used to fabricate long channels. The maximum travel of the stage is limited
to 2.5 × 2.5 cm2 which is due to the limits of the xy translational stage.
In Chapter 3, we present the development of the fabrication process for making
metallic stamps which can be used for pattern transfer into a variety of polymeric
substrates using nanoimprint lithography (NIL). The stamp fabrication process uses
a combination of p-beam writing and nickel electroplating, which transfers the resist
patterns into their metallic (Ni) replica. Both microstamps and nanostamps were
fabricated using these techniques. In the case of stamps with micron size features,
low aspect ratio three dimensional (3D) structures such as ridges with 10, 20, and 50
µm widths and 2, 10, 30 µm high with different lengths up to 2cm were fabricated.
The structures exhibit sharp edges, smooth surfaces, and vertical side-walls, indicating
the high potential of proton beam writing for fabrication of molds and stamps. In the
case of nanostamps, sub-100nm three dimensional (3D) structures with high aspect
ratios of up to 20 have been fabricated. For these high aspect ratio nanofeatures we
had to solve challenges such as void formation inside the electroplated structures.
In chapter 4, we explain the technique of nanoimprint lithography, which is a
process used to replicate stamp features into different polymers. As this process
involves pressing a hard stamp against a polymeric substrate typically at a very high
temperature and then release of the pressure when the sample is cold, we carried
out a series of experimental tests to investigate and optimize the pattern transferring
process. The main difficulty here is to fully control the imprinting of high aspect
ratio structures of the stamps in a way that the imprinting process minimizes pattern
distortion and maintains reproducibility and reliability of the process.
4In chapter 5, we present the characterization of the fabricated microfluidic chan-
nels in PMMA by the methods of current monitoring and microparticle image ve-
locimetry (µPIV). For current monitoring we measure the change of the electric cur-
rent produced by applying electric field across the PMMA channel, and due to the
small current values and the relatively short time for current change we used a very
sensitive pico ammeter with custom written Labview computer control software. For
microPIV measurements, we set up an imaging system consisting of high magnifica-
tion microscope coupled with CCD camera and computer interface for data analysis.
Using these methods, fluid flow rate, electroosmotic flow mobility, and the Zeta po-
tential of the PMMA microfluidic channels have been measured. The experimental
results were compared with theoretical simulation of the electrokinetic phenomena us-
ing the finite difference method to solve the Poisson equation for the electric charges




In this chapter we give an over view on the currently available nanofabrication tech-
nologies. Currently top down nanofabrication techniques are separated into direct
write or mask assisted lithographic techniques and mechanical lithographic tech-
niques. The first series essentially use the interaction of a beam (ion, electron, UV,
X-ray) to pattern a desired sensitive resist, whereas the mechanical lithographic tech-
niques (such as imprint lithography or AFM lithography) pattern different substrates
such as polymers or metals1 physically.
Among the different lithography techniques, ion beam techniques have demon-
strated high potential for three dimensional (3D), high resolution, and high density
precise nanolithography. Depending on the energy range of the incident ions, ion
beam techniques are separated into three categories: focused ion beam (FIB) where
a low energy focused beam of heavy ions (such as Ga with 30 keV) physically sputter
and remove the exposed areas from the surface of the sample leaving behind the nano-
structures. The second one is proton beam writing (PBW) where a focused beam of
high energy light ions (typically 2MeV protons) interact with the resist and through
1Metallic substrate has been patterned by NIL, and AFM has been used to pattern thin layers
of gold deposited on silicon
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6chain-sessioning or cross-linking leave behind patterns after chemical development.
Finally the most recent one is ion projection lithography (IPL) where a broad beam
of medium energy ions (typically 100keV) after passing through a patterned mask are
demagnified and projected over the surface of the resist to produce nanofeatures.
1.1 Ion Beam Lithography Techniques
Here we explain some basic principles used in ion beam techniques for lithography
and three ion beam techniques which are currently used for nanofabrication.
1.1.1 Focused Ion Beam (FIB)
Focused ion beam (FIB) technology is a well established technique for the fabrication
of nanostructures in different materials. FIB uses heavy ions (eg 30 keV Ga+ ions) to
sputter atoms from the surface of a sample. FIB can virtually machine any material,
which is one of its big advantages over other nanofabrication techniques. Although,
FIB can be used as a direct write technique similar to e-beam lithography to pattern
resists, since the range of the ions in the resists are very short (typically 10nm in
PMMA), very thin resist layers are required which are difficult to spin-coat. Therefore
it is more suitable to use FIB for sputtering and milling the surface of materials
rather than exposing resists. FIB can only be used with Ga ions because of they
exploit the high brilliance of the liquid metal field-emission ions source in order to
achieve a small spot size. The high magnetic rigidity of Ga ions limits the attainable
beam energies using cylindrical symmetric lenses. Generally FIB is operated in a
GAE( gas assisted etching) mode where Cl2, Br2 is injected close to the sample.
In this case material removal takes place in a chemically assisted sputtering mode
7rather than by (ballistic) physical sputtering. By utilizing GAE the etching rate
enhances significantly [6, 7]. A disadvantage of using FIB for patterning is that
the incident Ga+ ions are implanted in the surface, which leads to contamination
and chemical changes. The material removal rates of FIB are around 0.1-1 µm3 per
1 nC incident ion current [8] which indicates its inherently slow nature. FIB can
achieve spot sizes as small as 10nm or less with 10pA probe current and a current
density of > 10A/cm2, and 100µm depth of focus. More recently, FIB sputtering
with polymethylmethacrylate (PMMA) has produced a surface enhancement of the
sputtering rate by several orders of magnitude [9]. Recently FIB chemical vapor
deposition (CVD) [10, 11, 12, 13] has been introduced, which is a development similar
to electron-beam-induced deposition, where asymmetric, overhang, and hollow 3D
nanostructures (such as wine glass, coils, etc) can be fabricated. In FIB-CVD, a
gas such as phenanthrene (C14H10) is let into the vacuum chamber just above the
sample surface. The incident Ga ions break the gas molecules into its constitutes,
and deposits them on the sample surface over the scanned area. This process also can
be carried out using laser beam (LB-CVD) or electron beam (EB-CVD). However, a
laser beam is difficult to scan over the sample surface and it has less spatial resolution
compared to electron and Ga+ beams. Compare to electron, Ga+ has a few nm range
in materials therefore the depth control in case of FIB-CVD is better than EB-CVD
and so far FIB-CVD has been used for fabrication of complex high resolution 3D
structures [10, 11, 12].
1.1.2 Proton Beam Writing (PBW)
Proton beam writing (PBW) is the proton beam analogue of direct write electron
beam lithography. The main advantage of using protons as opposed to electrons
8is that protons have a straight deep well-defined path and range in polymers [14].
When MeV protons interact with polymer, they scatter and lose energy through
nuclear and electronic scattering processes. For MeV energetic protons incident on
a low z material such as PMMA, the dominant energy loss mechanism is through
electronic scattering [15]. Due to the higher mass of the protons compared with
atomic electrons, the protons penetrate deep into the resist with significantly reduced
lateral scattering as compared with incident electrons. The electronic energy loss
generated by low energy secondary electrons causes only localized radiation damage
in the polymer bonds very close to the incident proton beam axis. Therefore, the
proximity effect is lower than EBL [16, 15]. This means that 3D nanopatterns with
vertical smooth sidewalls, high aspect ratio, and high density can be machined in
a single step. The energy dissipated in the resist leads to chemical changes to the
polymer bonds, such as chain scissions for positive resist or cross linking in case of
negative resist. Due to the nature of the interaction, PBW doesn’t require resist
amplification, essential in optical nanolithography. PBW is faster than FIB, it has a
material removal rate of 106 µm3/nC, approximately one million times more efficient
than conventional FIB [9].
PBW make use of high energy protons focused down by a set of strong focusing
magnetic lenses to form a probe size of less than 100 × 100 nm2. The particles have
typically mega-electron-volt energy which means they are travelling at around 6% of
the speed of light (for 2MeV protons).
The energetic protons are focused into a small probe by a set of magnetic quadru-
pole lenses where the magnetic field vectors are at right angles to the proton tra-
jectories2. A single magnetic quadrupole lens squeezes the beam in vertical plane
2In an electron microscope, magnetic lenses are circularly symmetric solenoids with electrons
9while it expands in horizontal plane. Consequently, more than one quadrupole lens is
necessary to focus the beam to a small probe size. It is worth noting that magnetic
quadrupole multiplet lenses enable high rigidity MeV-proton beams to be focused
more conventionality than cylindrically symmetric lenses, such as used in a electron
microscope, because the fields are more attainable without having to recourse to
superconducting magnets.
With a combination of three quadrupole lenses, it is possible to achieve a fine
rectangular probe with a sub-100× 100 nm2 spot size, provided the major abberations
(spherical and chromatic) are minimized. The x and y demagnification coefficients of
the triplet lens system are partly dependent on the lens and partly on the object and
image distances. By decreasing the image distance and increasing the object distance
it is possible to increase the demagnification coefficients of the lens system. However,
sub-100nm spot sizes need a high demagnifying lens system. In triplet quadrupole
lens system the beam spot (a fine probe) is an aberrate corrected demagnified image
of a rectangular object aperture. The demagnification in quadrupole lens is not equal
in X and Y plane. Therefore, for example if we want to achieve a beam spot size
of 100×100nm2 using a small object aperture of 10×6µm2, high demagnifications of
200 in X plane and 60 in Y plane are necessary. However, such a small size aperture
lowers the number of incident protons. Therefore, a high brightness accelerator is
necessary to deliver enough protons for exposure.
In our center, we have utilized a high brightness ultrastable stable proton beam
generated by a Singletron HVE 3.5MV In-line [17] accelerator. The accelerator has
passing along the axis parallel to the magnetic field and hence no effect on the beam. The part of
the field used for focusing of the e-beam is the fringe field at each end of the solenoid which is too
weak for focusing energetic protons.
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a very stable terminal energy with 20eV energy resolution and a high brightness of
18Arad−2m−2eV−1 for 2.25MeV H2+ measured when the object aperture was varied
from 180µm×180µm down to 90µm×90µm and collimator aperture which was placed
1.81 m away was closed to limit the beam divergence to less than 0.5 mrad × 0.5 mrad
[17]. These are essential parameters for ion beam lithography. The accelerator is split
into two sections: the first half includes a solid state power supply unit providing a
high voltage up to 3.5MV.
PBW has been demonstrated as a fast single step 3D direct write technique for
fabrication of sub-100nm high aspect ratio structures in resists, with 30nm resolution
(potentially less) and less than 3nm side wall roughness [18].
1.1.3 Ion Projection Lithography (IPL)
Although, direct write techniques such as FIB and PBW are very precise for fabricat-
ing nanostructures, they are inherently slow thereby making them only suitable for
prototyping. Ion projection lithography (IPL) is an alternative to solve this problem
and is being considered as a next generation lithography (NGL) [19, 20]. IPL uses a
uniform, collimated beam of medium energy (50-150keV) light ions such as protons,
H2+, He+ , Ar+, etc passing through a stencil mask in a vacuum environment (typi-
cally 10−7 torr) and the image is projected and demagnified by a factor of 10× to 1×
through a series of electrostatic lenses onto a substrate. Among various parameters
and specifications which needs to be developed and optimized, stencil masks are the
most challenging part. With recent developments in the mask fabrication processes
[21], electrostatic lenses [22], and resist materials [23], IPL has demonstrated 50nm
resolution [23] over wide areas successfully.
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1.2 Electron Beam Lithography (EBL)
Electron beam lithography is one of the most widely used techniques for nanofabri-
cations. EBL can be divided into two processes: 1) electron projection lithography
(EPL) where a large collimated beam of electrons passing through a stencil mask im-
age the mask (reticle) pattern onto a silicon wafer by projecting at a 4× demagnifica-
tion. EPL can be divided into three categories: a) Scattering with angular limitation
in projection e-beam (SCALPEL) [24] b) Projection reduction exposure with variable
axis immersion lenses (PREVAIL) Cell Projection [25] c) Shaped Beam [26]. The sec-
ond process is direct write e-beam lithography. Since the wavelength of the electron
beam is very small, diffraction is not a limiting factor for sub 100nm fabrication.
EPL is a candidate technology for the so called next-generation lithographies
(NGL) to replace the current optical lithography for nanofabrication. The EPL sys-
tem consists of five major sections. 1) A gun and condenser to generate and focus
the beam, 2) an illumination section to collimate, scan, and blank the beam over
the mask in sub-fields of 1×1mm2, 3) reticle (mask), 4) 1/4 image section, 5) and
wafer. A collimated beam of electrons pass through a mask and is projected by a lens
onto the surface of a wafer to produce the patterns. The mask is usually fabricated
from a silicon wafer etched as a stencil with Si membrane areas of typically 2µm
thickness. The mask patterns are projected with 4× demagnification onto the wafer.
Currently, companies like Nikon are pursuing SCALPEL version of EPL (introduced
in 1989 [27]) with recent resolution down to 35nm with a throughput of 40 wafers/hr
throughput. They also are developing Extreme-Ultraviolet Lithography (EUV) (de-
scribed later) with resolution down to 35nm and a throughput of 100 wafers/hr. IBM
is developing PREVAIL (introduced in 1980 [28, 29]) which uses the same concept
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as SCALPEL but instead of projecting a square field of beam from 1×1mm2 as in
SCALPEL, the beam is moved by shifting the lens while the beam remains near to
the optical axis of the lenses. In this way the beam is transferred in a curved path
through a combination of subsequent lenses with a curvilinear variable axis to the
wafer.
The main advantage of SCALPEL over the previous EPL systems is in its new
mask technology3 which is based on scattering and not absorption of electron beams.
In this new concept, the electrons pass through a low atomic number membrane (typ-
ically 100nm SiNX), that is essentially transparent to the incident electrons (typically
100keV), and a thin (25-50nm) patterned high atomic number material (Cr/W), on
top which scatters the incident electrons to large angles. The scattered electrons are
then blocked by an aperture located after the projection lens in front of the mask.
Since, the main absorption of the scattered electrons is by the collimator aperture
and not the mask, the heating and thermal instabilities in the mask are not important
issues. In order to increase the throughput of SCALPEL, the stage stitching approach
is utilized. In this way, the electron beam is first collimated and focused on the ret-
icle in sub-fields of 1 × 1 mm2. Meanwhile, the reticle stage moves continuously in
Y-direction in yaw paths (typically 700nm) and the wafer stage moves in parallel but
opposite Y-direction and also stepping in X-direction and the beam is electronically
deflected in X-direction in steps of 250 × 250 µm2 squarish sub-fields. This system
simultaneously controls and corrects the errors in relative stage movements. The
high speed electronic beam scanning increased the throughput of the system a lot,
3Mask manufacturers: Compugraphics, Dai Nippon Printing (DNP), Dupont Photomasks, Hoya,
IBM (captive), Infineon (captive), Intel (captive), Taiwan Mask Company, Toppan, and TSMC
(Taiwan Semiconductor Manufacturing Corporation, captive).
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which was limited by the stage speed and acceleration. The stage projection system
is probably the main challenge for future development of SCALPEL system [30].
Direct write Electron Beam Lithography uses accelerated beam of electrons fo-
cused by a magnetic lens system to 1-4 nm spot size to expose suitable sensitive
resists spun on silicon. Since for non-relativistic electrons the electron wavelength






where λ is in nm and V is the accelerating voltage in Volts [31], then for a high
energy electron of for example 50keV a short electron wavelength of 0.0055nm can
be achieved. The beam focusing system consists of a set of magnetic solenoid lenses
which collimate and focus the electron beam along the axis. The focusing of the
beam is by the fringe fields existing at the entrance and the exit of the solenoid. The
electron beam is not a very rigid beam and can easily be deflected and scanned by
electrostatic or magnetic fields in raster or vector schemes. The width of the probe
can either be fixed or variable over the resist to produce the patterns. The technique
goes back to the late 1960s and many commercial systems have been developed since
then. A system typically consists of a source of electrons, focusing optics, an electro-
static blanking system, a scanning system, and a stage for holding the substrate. The
direct write EBL has demonstrated 5 nm resolutions [32]. Since direct write EBL is
capable of fabricating high resolution features and requires no expensive projection
optics or time consuming mask production, it is one of the most desirable process
for prototype nano-fabrication. However, it is inherently slow compared with masked
techniques, and the process sufferers from proximity effects (generation of high energy
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secondary electrons). In addition large-angle forward scattering of the incident elec-
trons leads to beam broadening as the beam penetrates the resist, and back scattering
from the substrate causes additional exposure to the bottom of the structures (prox-
imity effect). There are different approaches developed to minimize proximity effects
such as multi-layer resists with less sensitive high molecular weight underneath to
absorb the back scattered electrons from the silicon substrate, or coating a thin high
z absorber between the resist and substrate. Dose control and resist amplification
[33, 34], development optimization [35], and improvement in the focusing system [36]
are other approaches currently developed to minimize proximity effects. In spite of
these drawbacks, direct electron beam writing has been used to good effect in mask
making, prototyping, fabrication of small volume special products, and research and
development for advanced applications.
1.3 Optical Lithography
Optical lithography is a pattern transfer or projection lithography technique based
on interaction of focused beam of photons passing through a patterned mask onto
a photosensitive resist. The resolution of the technique is directly related to the
wavelength of the incident light and its diffraction limits. Traditionally, the shift to
smaller feature sizes was achieved by reducing the wavelength from visible light at
436 nm (Hg G-line), to 405 nm at (Hg H-line), to 365 nm (Hg I-line), and then to
deep-UV KrF laser (248.3 nm). This trend continues to wavelengths of 193.4 nm
(ArF excimer laser), F2 excimer lasers (157.6nm), atomic hydrogen Lyman-α line
(121.6nm), and possibly beyond that to EUV 13.5nm. It is still unclear which litho-
graphic technique can be used beyond the 90nm feature size that is presently achieved
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by using 193nm wavelength and phase interference masks [37]. According to Moore’s
law the microchip feature size shrinks 30% every three years, which means the radia-
tion wavelength must be reduced accordingly. However, a short wavelength requires
significant and fundamental changes in lithographic tools. These include develop-
ment of powerful radiation sources [38], high-quality lens materials and designs (to
meet the requirements such as internal transmission with minimal thermally induced
aberrations, defects free polishing, and high numerical aperture [39, 40]), practical
photomask technology especially for 1× reticles, ambient considerations particularly
less molecular absorptions, photoresist materials with optimal absorption coefficient
(to meet the requirement of suitable resist thickness while it has reasonable dose),
contrast, etch resistance, resolution, and line edge roughness. According to the in-
ternational technology road map for semiconductors 2003 edition, it is expected that
optical lithography can continue to the 45 nm node, through the application of the
resolution enhanced techniques (RET) such as optical proximity correction (OPC),
subresolution-assist-feature (SRAF), phase-shifted-mask (PSM) [19]. The resolution
in conventional projection optical lithography is determined largely by Rayleigh’s
equation, where the resolution R, depth of focus DOF, numerical aperture of the
optical system NA, and exposure wavelength λ are related by:
R = k1 
λ
NA




k1 and k2 incorporate the influences of the resist, the process technology, and the
image formation technique.
As the resolution of semiconductor devices, which is expressed by node level,
reaches the 65nm node it is more difficult to implement optical lithography, and the
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requirements to achieve 32 nm node and beyond are viewed as beyond the capability
of optical lithography. The Road map of the semiconductor industry predicts that to
achieve 45 nm node and beyond the industry will require the development of next-
generation lithography (NGL) technologies, such as extreme ultraviolet lithography
(EUV), electron projection lithography (EPL), and imprint lithography. Therefore,
this also requires the development of substantially new infrastructure e.g. sources,
stages, lenses, etc.
1.4 Extreme-Ultraviolet Lithography (EUV)
So far, extreme ultraviolet (EUV) lithography is the best candidate for the next
generation lithography (NGL) to achieve critical dimensions of 45 nm and below
[41, 42, 43]. The technique is similar to conventional optical-projection lithography
but with a exposure wavelength of 11–13 nm. However, this range of wavelengths
introduce some new challenges. A main issue is to generate 11-13 nm wavelength
light with enough power for dose exposure (typically 100 watt at the intermediate
focusing point of the system which practically is suitable for exposing 100 wafers/hr).
So far the best sources are laser-produced plasma (LPP) and discharge produced
plasma (DPP) of a Xe gas [44, 45]. The beam is transferred from the source to the
wafer using a combination of reflective mirrors instead of refraction lenses. This is
because the absorption of light in these short range of wavelengths is very strong,
therefore the refraction lenses which is used typically for optical lithography can
not be used here. Since conventional mirrors are not suitable for reflecting EUV
light, mirrors are coated with multilayer structures that rely on interference effects
to reflect the light efficiently. In order to reduce absorption the number of mirrors
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should be reduced. The mirrors need to be extremely precise and smooth (typically
less than 0.1–0.2 nm). To increase the throughput of the system to a reasonable
value (typically 100 wafers/hr of 300mm) a source of 100 watts is necessary. But, this
level of power will heat up the mirrors, and introduce instabilities in the system. To
avoid this a cooling system is necessary particularly for the collecting mirrors in the
system. One operational difficulty at the moment is the damage to the mirrors due
to the irradiation and reactions with EUV light, which in turn lead to a reduction in
reflectivity. Other issues such as high speed and highly accelerated stages operating
in a high vacuum environment, a very precise alignment system with a feed back
control, and very precise temperature control system for the components are very
important in this system. Nikon is set to deliver the first EUV commercial system in
2006. So far, a resolution of 26nm has been achieved using EUV lithography [41].
1.5 X-Ray Lithography (XRL)
X-ray lithography has been used for microfabrication since 1980s. It is essentially
a shadow printing process which upon exposure of the shadow of a mask held in
close proximity to the surface of the substrate (the resist) replicates a pattern into
a substrate (resist) through chemical changes induced by x-ray exposure. The beam
is a collimated beam of x-rays with 7 to 14 angstrom wavelength produced by ac-
celerating a group of electrons in a centripetal field within the relativistic range of
velocities (electron synchrotron). The circulating relativistic electrons radiate x-rays
in the form of compressed narrow cone in forward direction tangential to the electrons
path. In the exposure system of XRL there are four major components: the source,
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the aligner, the mask, and the resist. Before exposure, x-rays are first collimated us-
ing a SiC mirror, and then passed through a transparent beryllium window into the
chamber with the mask in close proximity to the surface of the sample. The mask is a
membrane of SiC or diamond, and a layer of Ta, Au, or W (patterned by EBL) which
serves as an absorber of x-rays to generate the shadow on the substrate. The achieve-
ments of sub-20nm resolution [46], application in process development of advanced
DRAM (1 Gb and beyond) and logic (0.18µm and below) integrated circuits [47],
demonstrates the promise of proximity X-ray lithography as a next generation litho-
graphy. However, several key issues remain to be addressed, such as the requirement
for mask-substrate separation(∼15nm [47]), the requirement for 1× masks to project
sub-50nm features directly on the substrate, high initial investments on infrastruc-
tures and equipment, and dependence of technique on mask and its availability in
terms of design, features, and easy of access. These are some of the drawbacks which
have retarded the possibility of Proximity x-ray lithography being considered a NGL.
1.6 Imprinting Methods
Imprinting methods are among the nonconventional lithography methods. They are
primarily a parallel mechanical ”printing” process fundamentally different from other
nanolithographical methods. These imprinting methods avoid many problems en-
countered in other lithographical methods such as diffraction limits to achieve high
resolution, high throughput and low cost. The three main prominent imprinting
methods are 1) nanoimprint lithography (NIL)/hotembossing (HEL) 2) soft lithogra-
phy and 3) step and flash lithography (SFIL). These processes are either mechanical
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which can be used to deform many types of polymers, a combination of mechani-
cal and chemical reaction for specific polymers, or a combination of mechanical and
optical to deform amplified resists. Figure 1.1 illustrates these methods and their
differences.
Figure 1.1: Comparison of imprint lithography techniques.
Imprinting techniques have demonstrated patterning capability with high resolu-
tion down to 5nm, and a high aspect ratio 3D patterning over large areas with parallel
processing, wherein millions of nanofeatures are replicated onto a substrate simultane-
ously in several minutes and are much faster than the serial patterning used in typical
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direct writing processes. This allows one the flexibility to pattern a wide range of
polymers with different functionalities from photonic applications to biochips. Im-
printing is a single step process where all the patterns transfer into the substrate by
pressing the stamp against the substrate. Their simplicity makes them easy to under-
stand and more accessible to the researchers without any need to extensive knowledge
of fabrication processes. Since imprinting method can be highly controlled, the im-
printed structures are highly reproducible. With the recent developments imprinting
methods are now capable of patterning at even low pressures and low temperatures
and even non-flat surfaces. However, in order to make them a NGL, one must fabri-
cate precise stamps, and overcome the other technical challenges such as very precise
alignment over large areas, complete pattern-transfer especially at sub-50nm ranges,
high overlay accuracy in multilayer imprinting, large-area uniformity, and the most
important the low defects density.
1.6.1 Nanoimprint Lithography (NIL)
Nanoimprint lithography (also known as hot-embossing lithography (HEL)) fabri-
cates micro/nano structures by mechanical deformation using a stamp/mold which is
pressed against a polymer substrate. During imprinting the polymer flows as a viscous
flow squeezed between two solid surfaces and becomes solidified after the deforma-
tion. The polymer is typically thermo-plastic [48] or UV ( or thermal) curable [49]. In
case of imprinting into a thin resist layer deposited on a flat substrate, an additional
anisotropic etching process (called pattern-transfer or ashing) is used to remove the
residual resist at the bottom of the imprinted features and transfer the pattern into
entire resist.
NIL was experimentally performed around 1993 by the work of Kuwabara [50] but
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as a nano-lithography technique was presented later in 1995 by the work of Chou [48]
(patented in 1998) [51]. The technique was so successful that in a short period of
time it has developed so fast that it is considered as a post-optical or NGL at and
below 45nm [19].
Over the last nine years, NIL has achieved several key developments which put
the technique as a candidate for NGL. In 1997 feature sizes down to 6nm were fabri-
cated [52], and in 1999 the first polymer-based optical device was presented [53]. An
alignment system with 1µm accuracy over 4in. wafer was introduced in 1999 [54] using
a commercial hydraulic press and a pair of hot plates, which has recently improved to
nanometer accuracy [55, 56]. Large area nanoimprinting has been realized using the
two methods of parallel imprinting and step and stamp imprinting. Parallel nanoim-
printers for 2, 4, 6, 8 inch wafers are now commercially available [57, 58] and are still
under development. The challenge for large area imprinting is to provide a uniform
parallel pressure distribution over large area of the substrate. Different approaches
have been developed to overcome this difficulty such as air cushioning [58], and par-
allel flat imprinting under vacuum [59, 60]. To achieve a better imprint quality with
less pattern defects, polymers developed specifically for NIL are now commercially
available(mr-I-8000 and mr-I-9000). In 2002 the new mr-L6000 resist suitable for NIL
with potential applications and at the same time high sensitivity to e-beam and UV
lithography (electron sensitivity of 5 µC/cm2 higher compared to 80-100 µC/cm2 for
PMMA), has been developed by micro resist technology GmbH [61].
In terms of application, NIL has been the subject of different research areas with
some of them successful and others under investigation, e.g. in nanoelectronic de-
vices, Silicon nanotransistors [52], and GaAs metal-semicoductor-metal high-speed
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photodetectors [62]. The difficulty here is to nanoimprint a thin resist layer spun on
a semiconductor substrate such as GaAs without any induced damage. Experimental
results indicate that under controlled imprinting conditions, it is possible to achieve
GaAs devices with no degradation in the device characteristics [63]. NIL has been
applied in the field of magnetism. In this field it is very important to fabricate struc-
tures with high density and minimal line edge roughness. NIL has been successful to
fulfill both of these criteria [64].
NIL has also been applied in the field of optics. The main drawback of using NIL
for fabrication of optical and photonic devices is the induced damage or changes in the
optical characteristics of the material, due to the high temperature and high pressure
applied in NIL. Also, the smoothness of the feature is another important characteristic
for fabrication of low loss components. Experimental results indicates that NIL under
controlled conditions can fabricate optical components successfully. Optical devices
such as gratings, waveguides, ring resonators [65], passive optical elements [53, 66],
organic light emitting materials without any degradation in optical properties [67]
and other materials [68] has been realized. A NIL mask using novel linear and cross-
linked polymers which exhibit high etch resistance for pattern-transfer was introduced
in 2000 [69]. Pattern-transfer is performed by the lift off and dry etching processes
and this will change the dimensions of the resist.
Organic optoelectronics having both optical and electronic devices on a single
platform is a natural fabrication approach for NIL. Light emitting organic layers, 1-D
photonic crystal structures, nanoelectrode arrays imprinting retain their conducting
parameters. Organic film transistors with less surface contamination (which is a main
problem in the fabrication of organic electronic devices) has been achieved using a
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combination of NIL and cold welding process [70], as well as standard NIL [71]. 60nm
transistors on 4 inch wafer are also successful examples of nanoimprinting that have
been reported recently [72].
Another unique characteristic of NIL is its capability of three-dimensional pattern-
ing. The T-gate transistor which has 40nm foot print takes 60s for single step NIL for
the entire 4 inch wafer, whereas by e-beam in two steps the process takes 2hrs [73].
In an effort to imprint on non-flat surfaces, some new approaches have been devel-
oped, e.g. multilayer resist methods [74] and reversal imprinting methods [75, 76].
Multilayer resist methods uses the first thick polymer layer as planarization layer on
top of the non-flat substrate and the top layer resist is the imaging layer. In reversal
imprinting methods instead of spin coating a polymer layer on a substrate, as for
the case in nanoimprinting, the polymer layer is spun onto a mold which is treated
by anti-adhesion agent to promote the polymer release. The mold with the poly-
mer on top is then directly transferred to a bare or prepatterned substrate. Under
suitable temperature and pressure conditions by pressing the stamp against the sub-
strate, the polymer transfers from the mold onto the substrate. Besides patterning
nonflat substrates, this method has been used for fabricating multilayer three dimen-
sional patterns. This method was developed in a collaboration of Bao’s group at
Michigan university and Institute of Materials Research and Engineering (IMRE) at
Singapore [76].
The resolution of NIL is primarily determined by the molecular size and the me-
chanical strength of the resist and the dimension of the features of the stamp. So
far 6nm holes 60nm deep, and 30nm pillars 35nm tall have been achieved [48]. In
2004 NIL has demonstrated 5nm linewidth [77]. NIL has shown high throughput (less
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than 60 s per wafer) due to its parallel process, and low cost since it does not require
sophisticated focusing lenses and exposure systems. NIL is a mechanical replication
consisting of the following steps: 1) the stamp and the polymer substrate are aligned
and brought into contact under a very uniform low pressure applied by two perfectly
parallel plates 2) The mold and substrate are heated up to a temperature of 70-90◦C
above the glass transition temperature of the resist. During the deformation, an
imprint resist (made of a thermo-plastic or a UV curable material) is in a liquid flow-
able state and is solidified after the deformation [78]. 3) the stamp is pressed into the
polymer substrate and held at the required pressure and temperature 4) the polymer
and mold are cooled down to a temperature around the glass transition temperature
of the polymer Tg (for more explanations refer to chapter 4) while maintaining the
pressure 5) the pressure is released and 6) Demoulding. The stamp is the key to this
technology and the resolution is determined by quality of the stamp pattern.
Although NIL has been proved to be very successful in nanopatterning, especially
in periodic nanoscale features with uniform sizes, it still has several limitations as
a standard lithography technique. The need to imprint functional polymers at low
temperatures to keep the physical characteristics of the polymer the same as original
is important for specific applications such as photonics, quantum dots, ring resonators
and etc. This has opened a new area of low temperature low pressure nanoimprint
lithography which is currently under development [79, 80]. Furthermore, in order to
imprint faster with minimum deformation of the structures and improve the lifetime
of the stamp, a low pressure and low temperature NIL is much more preferred. This
also reduces the defect density and improves the capability of large area lithography
of nanofeatures. Finally, we should mention that NIL can be carried out with three
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different nanoimprint machines: 1)parallel single-step imprint, 2)the step-and stamp
nanoimprint (SSIL), and 3)the roller nanoimprint (RON). In single-step nanoimprint
the entire wafer imprints at once. Step-and-stamp imprints a small area of a wafer
at a time, moves to a new area, and imprints sequentially until the entire wafer is
imprinted. The process has the advantage that a small stamp can create a large
imprint area in few minutes. Also it can utilize the imprinting of UV curable resist.
Roller nanoimprinting first was presented by Kuwabara in 1993 as a US patent on
imprinting thin resist layers. This patent includes different imprinting methods with-
out any specific expression of nanofabrication [50], although later in 1998 Chou et al
presented all these technologies as nanoimprinting methods [81]. The roller technique
uses a cylindrical stamp rolling directly over the resist for imprinting. Alternatively,
a smooth roller can be rolled over the top of a flat stamp in contact with the resist
to imprint. To maintain the imprinted structures while continuously imprinting the
new ones, the resist is held at temperatures below its glass transition temperature
while the stamp is maintained above Tg. Structures as small as 30nm lines have
been achieved using RON. However, there are some drawbacks which need to be ad-
dressed before this technique is considered mature: First there is a wave of polymer
pushed in front of the roller giving rise to inhomogeneity of the polymer thickness.
Also, it is difficult to produce a uniform pressure distribution during imprinting. Due
to the movement of the stamp/substrate it is very difficult to achieve the accurate
imprinting required over the complete wafer.
1.6.2 Step and Flash Imprint Lithography (SFIL)
This technique employs UV-radiation for curing the polymer used in the imprinting
process. The technique was originated for the fabrication of replica gratings where
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an UV curable polymer was cast on the surface of a metal stamp contained grating
features, and after UV radiation the cured polymer peeled away with a transparent
optical grating. The technique was developed at Willson’s group at University of
Texas at Austin together with Motorola and Agilent [82, 83]. The process consists of
first spin coating a thick organic transfer layer (typically 0.3µm to 1.1µm) to planarize
a substrate wafer surface. Then, a low viscosity (<5cps) UV curable organosilicon
photopolymer precursor is applied to the substrate and a transparent stamp (quartz)
is pressed against the substrate at low pressure (2psi). Once the master is in contact
with the photo-polymerizable solution, a crosslinking is initiated via backside illumi-
nation with broadband UV exposure. When the layer is cured the stamp is removed.
The polymer is dispensed on to the substrate using a drop of photo-polymerizable
liquid over an area corresponding to the stamp size. The stamp is aligned and lowered
into contact with substrate, displacing the solution, filling the small imprinting field
(1×1mm2) and trapping the photo-polimerizable imprint solution in the stamp relief.
Irradiation with UV light through the backside of the stamp cures the solution. The
stamp usually is treated with a release agent. Since the stamp is very small the whole
of the process needs to be done in a multi step-stamp-UV flash sequence over the
wafer. A single 10 milliliter quantity of the polymer can be used for lithography of
four thousand 8 inch wafers. The technique has archived a resolution of 20nm [84]
and an aspect ratio of 6 [85] showing the technique to be competitive to NIL. How-
ever, the requirement of stamp transparency makes the technique more expensive.
In addition, quartz is an insulator and a quartz stamp is not easy to fabricate using
e-beam writing due to its insulating properties.
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1.6.3 Soft Lithography or Microcontact Printing(µCP)
Stamping methods or ”Soft lithography” such as microcontact printing (µCP) [86]
and nanotransfer printing (nTP) [87] represents an alternative set of techniques which
use soft flexible stamps to ”ink” or directly replicate patterns. µCP is distinguished
by its soft flexible stamp compared with NIL and S-FIL which use hard stamps.
This tends to limit the resolution of the technique to the micron range compared
to NIL and SFIL which achieves sub-10nm features in polymers. Soft lithography
was originally developed in the laboratory of Professor George M. Whitesides at
Harvard University [88]. It began as microcontact printing(µCP) in 1993 [86] where
a polydimethylsiloxane (PDMS) stamp containing relief structures is ”inked” with a
reactive chemical material which can bond to the surface of nobel metals such as gold
or silver. The chemical material is an organic thiol group such as hexadecanethiol.
The inked stamp is brought in contact to the surface of a wafer coated with gold or
silver which react and forms self assembled monolayers (SAMs). The highly ordered
structures form in the contact areas between the stamp and substrate to form a
pattern. The pattern serves as a barrier to wet chemical etching. After inking,
the substrate is immediately immersed in the etch basic or cyanide solution which
replicate the pattern into the silicon substrate. The wet chemistry step limits the
edge acuity to about 1µm. The cyanide solution can be either poured directly onto
the stamp or moistened with a piece of lint-free paper. Other solvents produce poorer
resolution.
Recent development in soft lithography to increase its resolution has been focused
on developing stamps with higher elastic modulus, a new generation of h-PDMS or
hard PDMS stamps which are composite stamps composed of two layers: a stiff
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layer supported by a flexible layer which can generate free-standing features down
to 50 nm [89, 90]. Also, elastomeric stamping has evolved into the high resolution
nanotransfer patterning (nTP) method in which metals can be directly transferred
from a stamp to a suitable treated surface with demonstrated resolution of 75 nm [87].
In this case, a new class of materials, polyolefin plastomers (POP), has been used. In
other approaches, a new type of SAM is produced which can reach to 50nm resolution
with elastomeric stamp [91, 92].
1.7 Self-Assembly
The discovery of reactive organic monomers that can bond to a particular surface has
led researchers to new ways of making nanostructures, called self assembly, and in
recent years several different chemical and physical methods have been developed. In
the following sections we present some of the nanolithographic techniques based on
self-assembled monolayers.
1.7.1 Scanning Probe Lithography Using Self-Assembled Mono-
layers
Scanning Probe Lithography uses AFM tips to manipulate atoms and molecules on
surfaces [93]. This can be by a) inking the tip with Self-assembled monolayers (SAMs)
which is called dip-pen lithography, b) removing of material from a surface in a
controlled physical manner called elimination lithography, c) STM modification in
ambient conditions, and d) AFM modification using mechanical or electrical forces.
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1.7.2 Dip-Pen Nanolithography (DPN)
Dip-Pen Nanolithography uses an atomic force microscope tip (AFM) as a ”nib” to
write on a substrate (e.g. Au) as ”paper” using molecules with a chemical affinity
for the substrate e.g. Octadecanethiol (ODT)4. The reason the polymer molecules
transport from the tip to the substrate is that a water meniscus forms between the
inked tip and the gold substrate. Due to the capillary forces, the molecules transfer
from the tip to the substrate. The most influential factor in this technique is the
ambient humidity. Ambient humidity influences the size of the meniscus which in
turn affects the effective tip-substrate contact area, the molecular transport rate,
and therefore the size or resolution of the patterns. Other factors include chemical
absorption, bonding and self-assembly of the ’ink’ on the substrate. The tip-substrate
contact time controls the spread of the ’ink’ on the substrate; if the contact time is
shorter the resolution is higher, and the grain size of the substrate controls the spread
and bonding of the ’ink’. The precision and stability of the tip affects the resolution
of the scan, and in turn the resolution of the pattern. According to recent results
DPN has shown a resolution of 30nm in 34% humidity [94].
1.7.3 AFM Nanoimprint Lithography
This nanofabrication technique is based on the mass transport of polymer within an
initially uniform, planar film. There are two approaches in AFM writing: one is based
on the mechanical deformation of the polymer surface. When the AFM tip comes into
close contact mode with the polymer substrate (1-5nm) due to the generated heat it
will locally soften and deform the polymer [95]. The next approach is AFM-assisted
4This is a kind of self assembled monolayers which are thiol groups developed by Whiteside groups
and they can bond to surface of gold. This has been used in soft lithography.)
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electrostatic lithography (AFMEN) [96] which is based on dynamical instability of
dielectric liquid in a strong electric field (107-108 V/m) applied between AFM tip
and the substrate surface. The tip generates features by biasing (0-20V) a highly
conductive tungsten carbide tip across a thin polymer film (20-100nm) resting on
a grounded conductive seed layer (sputtered Au-Pd). Very steep electric fields are
generated in the polymers surrounding the tip. The field distorts the polymer in
the vicinity of the tip and produces nanostructures typically in 1-50nm ranges. The
writing is non-mechanical and only depends on applied voltage. In addition, since the
applied voltage is easily controlled, qualitatively distinct patterns can be achieved.
1.8 Nanoimprint Lithography of Non-polymer Sub-
strates
There are several new nanoimprinting techniques for imprinting in non-polymer sub-
strates. The first one is laser-assisted direct imprint (LADI) [97] which uses a single
XeCl excimer laser pulse (308nm wavelength and a fluence of 1.6 J/cm2) passing
through a transparent stamp (typically quartz with 1.5×1.5mm2) to melt a thin sur-
face layer of silicon (300nm) within picoseconds; the stamp is pressed into the resulting
liquid layer which remain liquid for hundreds of nanoseconds. After the liquid silicon
solidifies, the mould is separated from the imprinted silicon leaving nano-patterns
on the silicon surface. A variety of structures with resolution better than 10 nm
have been imprinted into silicon using LADI, and the embossing time is less than
250 ns. The main drawback in LADI is its small patterning area which despite the
short melting time time results in an overall reduced throughput compared with other
imprinting methods.
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The other technique is the Anodic Aluminum Oxide (AAO) hexagonal pore ar-
rays. The ordered porous alumina film is prepared by anodization of the aluminium
sheets which were cleaned and electro-polished. The high-purity Al sheets are first an-
odized in oxalic acid under appropriate anodizing voltages for 4-6 hrs to form porous
alumina films on the aluminium surface. Millions of randomly arrayed pores with
hexagonal gross section are distributed over the alumina template. In order to obtain
an ordered porous arrays with sharply defined pore diameters a two step electrochem-
ical anodization is used [73]. If the anodizing conditions such as applied potential,
electrolyte concentration, and temperature match the self-ordering conditions, self-
ordered porous alumina structures with an interpore distance of 50-500nm, the pore
diameters of 0.3×D-D, and length of 0.2-200µm can be obtained [98]. Combination of
nanoimprint lithography and self-assembly of porous alumina or nanoindentation and
self-assembly of porous alumina allows the preparation of defect-free porous alumina
arrays having a hexagonal, triangular, or rectangular pore arrangement with smaller
inter-pore distances. This performs simply by producing surface patterns on the Al
surface either by nanoimprinting or nanoindentation which can create pre-structures
which guide the pore growth during the subsequent anodization [99]. If the patterns
on Al film rotates with respect to each other it behaves as superposition of two pat-
terns for the next anodization process which leads to different cross sectional pores
with smaller inter pore distances compare to the initial pattern.
Chapter 2
Proton Beam Writing of Micro and
Nano-Fluidic Channels in Polymers
In this chapter we describe the fabrication process for making sealed microfluidic
channels in PMMA utilizing proton beam writing (PBW). It should be emphasized
that this is the first attempt at using p-beam writing for microfluidic applications and
biochip fabrication. Plastic microfluidic devices have high potential in the future de-
velopment of Lab-on-a-chip technology [100, 101, 102]. High performance microfluidic
devices are now available for biological applications such as electrophoresis separation
of DNA and proteins [103, 104]. A variety of different techniques have been used for
the fabrication of plastic microfluidic devices, including soft lithography [105, 106],
laser ablation [107], hot embossing or imprinting [103, 100, 108], injection molding
[109], plastic ultraviolet photolithography, and X-ray photolithography [110]. The
main goal in this new area is to fabricate microstructures in polymer with smooth
side walls, different aspect ratios and geometries for achieving high performance, bio-
compatibility and low cost.
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2.1 Introduction: Why Microfluidics?
The idea of miniaturization is to shrink down a system to small dimensions (micron
or nano size) which leads to improvements in system characteristics and performance.
The idea originates from the IC industry where miniaturization has led to improve-
ments in speed of computers. Microfluidics is concerned with miniaturizing a chemical
laboratory down to a small biochip which enables faster reactions, reduced sample
and reagent consumption, and disposable cheap devices. It also achieves a better and
more precise control over the chemistry and reaction conditions.
Improvements in overall analytical performance can be achieved by minimizing the
scale on which the analysis is performed [111]. As the characteristic dimensions of a
system decrease, physical parameters vary in a non-linear form. Table 2.1 indicates
the changes in selected physical parameters as the system shrinks down to micron
sizes. Let us assume that as the system scales down the fluid characteristics such
as viscosity and density remain the same. This is called the continuum assumption.
Now let us discuss how forces vary with characteristic length of the system, L. If we
consider an infinitesimal volume element (dV) of a fluid with density ρ and viscosity
η moving with the flow with velocity u, the gravitation force acting on this volume
element F=ρdVg, is proportional to volume i.e.
Fgravity ∼ L3
whereas the viscous force τ=η ∂u
∂t
is proportional to the fluid velocity (u) which in
turn is proportional to L2. Therefore
τviscous ∼ L2
As we scale down in size, inertial force decreases faster than the viscous force and
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Table 2.1: Scaling laws in micro- and nanoworlds.
quantities ∝ L3 inertial forces, buoyancy, etc.
quantities ∝ L2 viscous forces, surface charge, diffusion, etc.
quantities ∝ L1 surface tension, etc.
quantities ∝ L−1 fluid velocity, evaporation rate, etc.
therefore it becomes negligible compared to viscous force, i.e. the fluid moves like a
massless object with no inertia. At micron size dimensions fluid behaves as massless
particles which respond to external forces immediately. For example, particles moving
with a fluid turn at corners in the fluidic circuitry along the direction of fluid field
lines (stream lines), and as a consequence, these particles move parallel to each other
without mixing or turbulence.
For a basic understanding of the fluid dynamic at microscale dimensions, one needs
to look at systems both experimentally and theoretically. Experimentally, it has been
observed that at microscale dimensions the flow is laminar and there is no turbulence
[112]. The theoretical explanation of this phenomena can be obtained from the Navier-
Stokes (N-S) equations which are the basic equations in fluid dynamics [113]. These
equations can be derived from principles of conservation of mass, momentum, and
energy. According to conservation of mass the mass entering a control volume (an
element of volume) is equal to the mass leaving the control volume and there is no













This leads to the continuity equation:
∂ρ
∂t
+∇ · (u) = 0 (2.1.1)
If the density ρ is constant (incompressible flow) the continuity equation simplifies to
∇ · (ρu) = 0 (constant ρ) (2.1.2)
Here we accept the continuum assumption such that temperature, species concen-
tration, and velocity can be considered as continuous functions of position, and the
existence of discrete molecules are ignored. The continuity approximation is valid
when the knudsen number Kn, the ratio of the mean free path of the fluid, λ, to the
length scale of the system, L, λ
L
is less than 0.3 (see appendix A).
Newton’s second law can be applied by considering the external forces acting on
the infinitesimal control volume. These forces are the body forces and the surface
forces. The body forces are acting directly on the volumetric mass at a distance such
as gravitation, electric, and magnetic forces. If the net body force per unit mass is
defined as F, then the body force on the fluid element is
ρF(dxdydz)
The surface forces includes the pressure force and the shear force. The pressure force
is due to the pressure distribution acting on the surface, and imposed by the outside
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fluid surrounding the fluid element. The shear force is due to the shear and normal
stress distributions acting on the surface, imposed by the outside fluid ”tugging” or
”pushing” on the surface by means of friction. These are tensor forces that are acting
from all directions even though the flow is in one direction. The linear momentum in




= −∇p+∇ · τ + ρF
here, F, is the vector sum of all the external body forces, and τ is the stress tensor.





+ (u · ∇)u] = −∇p+∇2u+Re · Fr−2 g|g| + F (2.1.3)
where Re = ρuL
η
is the Reynolds number (the ratio of the inertial to viscus forces),
Fr = gL
u2
is the Froude number (ratio of the inertial to gravity forces).
2.1.1 Reynolds Number
In fluidics dimensionless numbers are used to explain flow behavior at different condi-
tions. We explain some of them in appendix A. One of these numbers is the Reynolds
number which indicates that either the flow is laminar or turbulent. The Reynolds
number is therefore an estimation of the fluid flow regime. If Reynolds number is
more than 2000 the flow is turbulent flow. At low Reynolds numbers less than 1









∂t + (u · ∇)u
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where u is the velocity, L is the characteristic length of the system, and ν is the
kinematic viscosity2. Assuming that we are considering a water flow at room temper-
ature, ν=1×10−6m2/s. The characteristic length is the width of the channels which is
typically around 10-100µm. While the velocity is unknown, considering the values re-
ported in literature the velocity can reach to a maximum value of 10mm/s [114, 115].
Substituting these values in eq 2.1.4 result in a Reynolds number of Re=0.1, and a
Froude number (see appendix A) of Fr=1 which simplifies the N-S eq to:
0 = −∇p+∇2u+ F (2.1.5)
2.1.2 Laminar Flow
At low Reynolds number flow, an incompressible fluid can be modelled as laminar flow
which means it is time-independent. In other words, if we know the current state of
the system, we can predict its future and past state. Laminar flow provides a way by
which molecules can be transported in a predictable manner through microchannels.
There are two common methods of fluid transport in the field of microfluidics. One is
pressure driven flow and the other is electrokinetic driven flow. The major difference
between these two methods is in the velocity profile of the flow, which is important
in biochip applications.
2.1.3 Pressure Driven Flow
Consider a pressure gradient inside a channel without any external forces (F=0).
When the vector form of Navier-Stokes equation are non-dimensionalized by consid-
ering a laminar flow with a low Reynold’s number, the inertial term (ρDu/Dt) drops
2ν = η/ρ
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out and a balance between the internal pressure gradient and viscus forces leads to:
∇p = ∇2u (2.1.6)
where the boundary conditions at the walls are zero velocity, the so called no-slip
boundary condition. If the microfluidic channel is 3D, in x-y plane there is probably
little if any velocity in the z direction. While there will be variations in z (the velocity
will be 0 at zminand zmax, but nonzero at other depths), since there is no z velocity
anywhere at the walls and no boundary condition which specifies a pressure gradient
in the z direction, we can ignore the z components from equations. Note that if
entrance effects are taken into account, there may be some small motion in the z
direction to maintain continuity; this will be ignored.
Secondly, since the inertia terms have been neglected, the fluid can be assumed
to move instantly in response to pressure changes. Therefore, unlike higher Reynolds
number flows, the fluid can turn corners without separation. In the continuous planar
microfluidic channel, this quality can be exploited to force fluid to quickly fill the entire
width of the channel.
Now consider a pressure-driven flow between stationary walls with the flow in the









With no-slip boundary condition at the walls, this equation has a quadratic-polynomial
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solution with a parabolic velocity profile within the channel and with maximum ve-





This parabolic flow is called Poiseuille flow [113].
2.1.4 Electrokinetic Driven Flow
Now we consider the flow of an ionic solution between two parallel plates under an
external applied electric field. The field strength Ex is simply the applied voltage
divided by the length of the fluidic channel. The reason that by applying an external
electric field the fluid flows is that at the interface between a solid and liquid, a
thin ionic layer spontaneously forms which is called electric double layer (EDL). The
applied external electric field will push the EDL in one direction. This creates motion
of fluid near the walls and transfers via viscous forces into convective motion of the
bulk fluid. Since at micron size dimension, the diffusion of the liquid solution inside
the microchannel is much slower than the convection of the liquid flows by applying
the external electric field, the fluid flows uniform and in the direction of the electric




+ (u · ∇)u] = −∇p+∇2u+ ρeE (2.1.7)
where ρe is the charge density of the liquid. At microscale dimensions the fluid flow is
laminar and the Reynolds number, Re, is much less than 1. Therefore, the right hand
side of eq is ignorable. For incompressible laminar flow means a fluid with similar
density at macroscale and no pressure gradient (∇p=0), the non-dimensionalized






Now we need to quantitatively describe the charge density of counter ions in the so-
lution near the channel’s wall. By considering Debye-Huckel approximation [116], we
maintain the system in thermodynamic equilibrium, at a temperature T high enough
that the fluid particles obey Maxwell-Boltzmann statistics. The number density of
ions in solution near a charged surface is determined by the competition between
electrostatic attraction (or repulsion) of the ions for the charged interface and the
randomizing influence of Brownian motion. In Maxwell-Boltzmann statistics, this







where ni(0) is the number of ions per unit volume at a point of zero potential, ψ(y)


















with ψ = ψ0 at x = 0 and ψ = 0 at x = ∞. The ionic concentrations far away from
the walls is zero and the system is neutral. This gives
ψ(x) = ψ0exp(− x
κ−1
)
for the electric potential. The variable κ−1 is the effective thickness within which the
electric potential and the ionic concentration is not neutral. This thin electric layer
near the surface is called electric double layer (EDL). The potential at the outer part
of this layer ψ0 is called zeta potential. The dominant physics of the fluid flow and
mass transfer is located within this layer. Therefore its thickness is important. As
we can see, if the ionic solution has lower concentration the thickness of this layer is
greater.







Solving this equation using the boundary conditions: (1) du/dy = 0 at y = ∞;





The key feature of this equation is that as we move away from the wall, y increases,
and the exponential term vanishes very quickly. This means the velocity limits to a
constant value. For example, for a PMMA channel with a surface potential of 25mV,
=6.95×10−10C2/J, η=0.001 N·s/m2, E=30000V/m, κ=5.68×108 m−1 [117], within
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14nm of the channels wall, ux(y) = 0.999u∞. Thus the velocity is laterally constant
and has a flat profile in lateral direction. The maximum velocity
Exψ0
η
is called electroosmosis velocity which is the bulk fluid velocity and the ratio of that to




By substitution, a value of 6.1×10−8m2/V.s for the µeof is obtained. This flat velocity
profile makes possible the very low dispersion necessary for separation of different
molecules according to their sizes. This is in contrast to pressure driven flow where
the velocity is a function of lateral position from the wall surface with parabolic
velocity profile. Another difference is the volumetric flow rate which is defined by
Q = velocity× cross section = uS
If the channels are 3D the flow rate for electroosmosis driven flow is
Qeof = u0ψ0hW





Here we see that for electroosmosis flow the flow rate is proportional to h and for
pressure driven flow it is proportional to h3. This means that for the same flow
rate we need to apply a lot more pressure to gain the same flow rate as can be ob-
tained by applying a low electric field. Therefore, electrokinetic force as an actuation
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force for microfluidic applications is more efficient. In the case of electroosmosis, the
flow is achieved without moving parts whilst pressure driven flow is mechanical, and
necessarily more complicated in operation, fabrication and application.
When the system’s characteristic size decreases further to nanometer range, an-
other limit is encountered. While macroscopic properties of matter such as density
and viscosity remain generally valid at the micrometer size, surface effects become
dominant at nanometer scale. Moreover, when one reaches the interatomic distance
range, the characteristic length of the system is comparable to the Debye length (the
distance around which the ions surrounding the particle will effectively screen the
surface charge of the particle). In other words, the effect on the equilibrium ionic
distribution from particles with surplus charge at least one Debye length away is









For example, for 10mM phosphate solution (Na2HPO4), we have Σciz
2
i = {2[Na+]+
[H+] + [P+] + 4[O−]}× 1 = {2+ 1+ 1+ 4}× 0.001× 6.023× 1026× 1 = 4.816× 1024
Therefore we obtain
λ = (
8.854× 10−12 × 80× 1.38× 10−23 × 300
(1.602× 10−19)2 × 1.56× 1025 )
1/2 = 4.87nm
This is the interval where the molecular interactions and quantum effects appear,
and is where the continuum assumption breaks down. For an infinitesimally small
volume element inside the liquid, random fluctuations in parameters such as density,
viscosity, concentration etc which are due to the change in the number of atoms and
molecules in time and position are not negligible. Therefore, the constitutive equa-
tions for energy, species, and momentum transport, and uniform quantities such as
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temperature, species concentration, and velocity as continuous function of position,
are invalid. It is therefore necessary to replace the continuum description of the
system with techniques based on statistical discrete mechanics such as molecular dy-
namics [118, 119]. However, since these approaches are very slow they can’t be used
as nano-fluidic device design tools. Also, as the device dimensions become smaller,
approaching nanometer length scales, new diagnostic techniques for measuring near
wall, or interfacial velocity and concentration flow fields are required. This is espe-
cially more complicated as the electric double layer (EDL)3 interferes with the flow
field [120].
2.2 Proton BeamWriting of Microchannels in PMMA
In this section we present the fabrication process for making microfluidic channels in
PMMA utilizing p-beam writing. The substrate material was a thick piece (2mm) of
solid PMMA sheet (Ro¨hm, GmbH Co, Germany) with a high average weight molec-
ular mass Mw∼3×106 g/mol, and 1.19 g/cm3 density.
2.2.1 Beam Exposure Set Up
The exposures were conducted at the Center for Ion Beam Applications National
University of Singapore. Proton beam writing utilizes the Oxford Microbeams high
demagnification triplet quadrupole lens system (OM52) [121] for focusing, coupled
with 3.5 MV Single-ended linear accelerator (HVEE SingletronTM)[17] to achieve a
stable and bright beam. PBW is carried out on two beam lines: the 10◦ beam line
3for more details refer to chapter 5
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and 30◦ beam line as shown in figure 2.1. Both systems use the same object aperture
which is placed in front the beam switching magnet. The main differences between the
two systems are the installed Quadrupole lens systems, the chamber, chamber sup-
port (optical table) and the stage used to mount the samples. In the 10◦ beam line
the lens system operates at an object distance of 7 m and a reduced image distance
of 70 mm coupled with a high demagnification triplet Oxford Microbeam Quadru-
pole lens system(OM52) [122] with demagnification of 228×60 in X and Y directions
respectively. The exposure chamber contains a computer controlled inchworm piezo-
electric XY Z translational stage which has a travel of 25 mm for all axes with a 20
nm closed loop precision (Burleigh TSE-150HV Integral Encoder Stage). The system
has been designed to be compatible with silicon wafers up to 6 inch. In addition to
the XY Z stages, the computer also directly controls a beam blanker and the position
of the beam. The beam blanker consists of two parallel vertical plates which upon
applying an electric field deflects the beam from its original path away from the beam
axis. In the 30◦ beam line the lens system operates at an object distance of 6.4 m
and an image distance of 16cm coupled with a high demagnification triplet Oxford
Microbeam Quadrupole lens system (OM50) [122] with demagnification of 88×24 in
X and Y directions respectively.
The accelerator is a high brightness, high energy stability single ended dyna-
mitron and is controlled with a personal computer with automated control-modules.
It generates energetic proton beam up to 3.5 MeV with 20eV energy resolution which
together with the lens system can focus the beam to spot sizes of 35×75nm2 [18]. The
accelerator has a feedback system using slit stabilization which reduces long term en-


























Figure 2.1: Schematic of Proton Beam Writer coupled with single-ended accelerator
(HVEE-Singletron).
However, after start up of the accelerator it takes couple of hours the ion source to
stabilized and then the slit feedback system need be enabled. Particle beams from
the accelerator pass through a 90◦ magnet which filters the ions with the required
specific mass and energy. Although, this is a state of the art accelerator delivering
stable and bright beams, a proton beam writer can in principle run using a much
smaller and cheaper accelerator.
A C++ based scanning and control software [123] named ionscan developed in
CIBA converts the patterns into matrices of ordered binary points correspond to x
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and y coordinates tracing out the path of the beam on the sample. Every coordinate
number corresponds to a pixel on the pattern. The software supports AUTOCAD
and Bitmap file format. The scan software enables us to run the experiments in three
different dose normalization methods. They are known as pixel, shape, and figure
dose normalization methods. In pixel normalization method the beam dwells at every
pixel of the pattern until the desired dose is delivered before advancing to the next
pixel. The delivered dose per pixel can not be measured individually in our set up.
Therefore, the required dose per pixel is controlled by the required time the beam
should dwells at every pixel which is calculated according to the normalized dose and
pixel area. If the pattern consists of a number of different shapes, we can repeatedly
scan over every individual shape for the required dose before proceeding to the next
shape (shape normalization) or we can repeatedly scan whole the pattern until the
desired dose is obtained (figure normalization). In our experiments we carried out
shape and figure dose normalization methods. For those patterns contain a large
number of shapes, we used figure dose normalization method to expose the entire
pattern continuously. However, this process needs a very stable beam current to
expose all the shapes evenly. For patterns with less number of shapes which the
required exposure time is not so long and we can expect that the beam is stable
enough, we used the figure dose normalization method. Figure 2.2 shows the proton
beam writer facility which has been developed at the CIBA [124]. The data acquisition
system used in this system consists of a Rutherford Backscattering (RBS) detector, a
preamplifier, an amplifier, and a scan generator system utilizes a National Instruments
NI 6731 Multi-I/O card, with a resolution of four 16 bits per channel digital-to-analog








Figure 2.2: A plan view of the Proton Beam Writer.
the scan box and a third DAC controls the beam deflection.
For micron size structures, all the dose normalization methods rely on the detec-
tion of Rutherford Backscattering (RBS) signals. For nano size structures, signals
such as secondary electron emission and ion induced photon emission which are much
faster, more sensitive, and have much higher yield per proton compare to RBS signals
are used. In our system, the geometrical sharpness of the structures depend on the
scan speed and the pixel dwell time. For magnetic scanning, the scanning should be
slow enough to reduce the effects of hysteresis and long DC settling time. Figure 2.3
shows arrays of 2, 3, 5 µm pillars in 10µm thick SU-8 resist written using dwell times
of 250µs. In this experiment, a beam of 2 MeV protons focused down to a spot size
of 200 × 200 nm2 was used to write the pillars defined in a mesh of 2048×2048 pixels
over an area of 50 × 50 µm2.
To fabricate PMMA microchannels, we have used two beam scanning methods:
the first method utilizes a magnetic scan system, which uses a set of magnetic scan




Figure 2.3: SEM micrograph of 2, 3, and 5 µm pillars in a 10 µm SU-8.
line; and 0.5 × 0.5 mm2 in the 10◦ beam line. For longer channels, a combination of
magnetic scanning and stage scanning have been used. In this way, while the beam
scans magnetically in one direction (for example x-direction), the stage is moved in
another direction (in this case y-direction).
The beam defining object aperture (OM10), positioned one meter before the
switching magnet, consists of tungsten carbide cylindrical rods connected to differ-
ential micrometers with 1µm positioning accuracy, and a total aperture range of
0-5000µm in x and y. To achieve the best beam resolution with minimized scattering,
the slits should be smooth and clean. In general slit damage depends on how long
the slits have been used and what kind of ions exposed them, helium ions causing
much more damage than protons. For sub-100nm spot sizes, the slits should ideally
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be renewed around every 100 hours of beam time (with protons) and much less when
using alpha particles.
2.2.2 Resist Materials for Proton Beam Writing: PMMA,
and SU-8
In this section we explain some important characteristics and dose exposure parame-
ters of the resist materials used for Proton Beam Writing. Resist materials are usually
organic polymers consisting of long chains. Depending on the prevalence of chain scis-
sion or cross linking of the irradiated areas with ions such as electrons or protons the
resist is called a positive or a negative resist respectively. For PBW, two types of
resists one PMMA and the other SU-8 have been patterned successfully. PMMA or
poly(methylmethacrylate) which sometimes in literature is called acrylic, or formvar,
or lucite is a positive resist such that after exposure and chemical development the
exposed areas are dissolved away leaving behind the patterns. SU-8 (a chemically
amplified, epoxy based resist) is a negative resist such that after exposure and chem-
ical development, unexposed areas are washed away leaving behind the cross-linked
exposed patterns. In general, PMMA is used for patterning high resolution thin lay-
ers and SU-8 for patterning high aspect ratio thick layers. For p-beam writing with
2MeV protons PMMA needs typically a dose of 80nC/mm2, which is less sensitive
compared to SU-8 which requires a dose of 30nC/mm2. However, there are some
important characteristics for a resist to be the material of choice for a lithographic
technique. These characteristics are sensitivity, resolution, contrast, development and














Figure 2.4: Schematic PMMA polymeric chain and its monomer [4].
PMMA
PMMA is the most commonly used organic resist of choice in e-beam lithography
since it exhibits the highest resolution [32, 125, 126], although a drawback to the
use of PMMA is that it is generally not sensitive enough for rapid manufacturing
purposes. Figure 2.4 shows the polymer bond structure of PMMA with the monomer
forming after irradiation.
PMMA can have different molecular weights Mw. Typically, those with Mw more
than a million are commercially available as solid sheets and those with Mw less
than a million are in liquid or powder form. For the liquid form, the molecular
weight and the viscosity of the solvent controls the layer thickness of the spin coated
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PMMA layer. In our experiments, we have used two kinds of PMMA. One is a thick
piece (2mm) of PMMA sheet (Ro¨hm GS 233 PMMA) [127], with a high average
weight molecular mass Mw ∼ 3 × 106 g/mol and 1.19 g/cm3 density, used for direct
writing of microfluidic channels. We also used this PMMA for nanoimprinting (see
section 4.4). The other PMMA was low molecular weight liquid PMMA (Mw=950k
g/mol, dissolved in 11% (weight percent) in anisole (MicroChem Corp. (MCC)) [128]
which is used for spin coating and also nanoimprinting.
The required dose for patterning the PMMA resists with p-beam writing, is
strongly correlated to the developer which chemically etches the exposed areas. In our
experiments, we have used two different developers, one for microchannels fabricated
in thick PMMA sheet and the other for nanochannels in spin coated PMMA 950k
g/mole on silicon.
GG Developer
The microchannels in thick PMMA are developed with GG developer which
is a viscous liquid and it can be made by mixing 60% DGMBE Diethylenglycol-
monobutylether, 20% Morpholine, 5% Ethanolamine, and 15% Water. The typical
required dose for 2MeV protons for this developer is 80nC/mm2 with a dose window
of 70-90nC/mm2. A dose of 80nC/mm2 is equivalent to 1 proton for every 2nm2
area. Doses more than the upper limit will damage the resist and prevent proper
development of the structures. According to our experimental results however, if we
irradiate with slightly higher dose but pattern in a multiple-loop return scan instead
of a single-loop, it is possible to develop the exposed areas even with high dose expo-
sure. This could be due to the more rapid dissipation of localized heat and gradual
outgassing. Our results show that the upper limit can go up more than 120 nC/mm2
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using this scan technique.
The multiple-loop irradiation also has the advantage that we can minimize ripples
and defects in the patterns which can be due to problems such as resist heating, beam
fluctuations, stage judder, and noise in the scan driver. That means in multiple-loop
dose exposure the defects will be statistically minimized, although at the expense of
resolution.
In case of GG developer, after irradiation the latent structures are developed for
30 min at 35◦C followed by a rinse in de-ionized water for 1 hour. Development
was performed by holding the samples with self clamping tweezers and dipping in
the developer. A magnetic stirrer was placed under the sample at the bottom of the
beaker for agitation.
IPA-Water 7:3 Developer
The second developer we have used is called IPA-water (7:3) which is a less viscous
liquid and a mixture of 30% water and 70% Isopropanol Alcohol. According to our
experimental results, this developer needs higher dose to develop the exposed areas
effectively. Since it has less viscosity, it enables rapid diffusion into the nanofeatures,
and therefore, it develops faster and more efficiently. Our results show that the
minimum required dose with this developer to effectively develop the p-beam written
nanofeatures is 140 nC/mm2. But, since during nanolithography the beam current is
very low (less than 0.1 pA), in order to minimize influence of beam current fluctuations
during exposure which leads to variable dose exposure and undeveloped patterns,
we have used a higher dose of 200nC/mm2. The upper dose threshold measured
experimentally is around 1500 nC/mm2, a value which completely damages the resist
such that development does not occur.
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SU-8, 60nm(width)×10µm(depth) PMMA, 60nm(width)×2µm(depth
Figure 2.5: SEM images of 60nm side walls in SU-8 and PMMA. Both resists show
high resolution smooth side walls with high contrast, sharp edges, no undercut, and
vertical walls.
In case of e-beam written nanostructures, it is believed that more dose is required
in order to improve the resist development and to improve the patterning [32]. This is
because at nanoscale, the intermolecular forces increase rapidly and the exposed resist
molecules are trapped in the potential well of the surrounded unexposed molecules
and make it more difficult to dissolve into the developer solution. For p-beam writing,
we have not investigated the influence of the confinement of the nanostructures on
the required dose exposure.
Figure 2.5 shows high aspect ratio lines with 50nm width which have been written
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in 2µm PMMA and 10µm SU-8 using p-beam writing. In this exposure, for PMMA
a beam of 2MeV protons with a beam spot of 200×200nm2 and for SU-8 a beam of
2MeV H+2 (equivalent to 1MeV protons) with a beam spot of 60×120nm2 [18] have
been used. Our observations with direct STIM of 2MeV H+2 through a 2µm grid shows
that a beam of 2MeV H+2 will break up into 1MeV protons as they impinge on the
surface of a non-commercial X-ray mask exhibiting 1×1µm2 holes which is used as
resolution standard. An added advantages of using H2
+ ions is that slit scattered ions
from the object apertures (positioned before the switching magnet) will be removed
by the switching magnet, resulting in a beam with low halo. The influence of scattered
particles or any beam energy fluctuations would appear less in case of PMMA, which
is less sensitive compared to SU-8.
In this section, we have discussed a comparison of PMMA development tech-
niques and their effects on the dimensional control of the high aspect-ratio struc-
tures. PMMA can also be developed by an appropriate developer [129], often a mix-
ture of several solvents containing parts of methylisobutylketone (MIBK), 2-propanol
(IPA), methylethylketone (MEK), 2-ethoxyethanol (CellosolveTM , Dow Chemical), or
methanol. These new developers are mixture of chemicals that have been commonly
employed individually as developers for PMMA, but when combined exhibit higher
performance than when alone.
SU-8
SU-8 is an epoxy based negative resist which upon p-beam exposure cross-links and
hardens. SU-8 belongs to thermoset group of polymers which means under heat treat-
ment they become insoluble and hard in an irreversible process. The resist is based on
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epoxy resin technology and designed to have a strong backbone which utilizes eight
benzene rings coupled with epoxy4 side groups attached to each ring. To increase the
exposure sensitivity of the SU-8, a salt called Triaryl sulfonium hexfluorantimonate
is added into the resist which in chemical reaction can produce acids. The generated
acids attract the OH side groups, and produce chemical bonds between the relatively
big monomers leading to cross-linking. The solvent which is used to dissolve the
chemicals is a toxic solvent called GBL (Gamma Butyrolactone). SU-8 is designed
for thick and ultra thick resist applications, so for thin resist layers, it should be
diluted by adding more solvents. For example, SU-8 type 2 which is a less viscus
resist (viscosity∼45 cSt) compared to SU-8 type 5 (viscosity∼290 cSt5) is more suit-
able for spin coating thin layers of several hundreds of nanometers. We can convert
SU-8 type 5 which consists of 51.7% solids content dissolved in GBL to SU-8 type
2 which consists of 40% solids content dissolved in GBL. According to empirical re-
sults, the optimum required dose for cross-linking SU-8 resist in proton beam writing
is about 30nC/mm2 for 2 MeV protons almost 1/3 of the required dose for PMMA.
This improves the speed of exposure. However, removal of the cross linked SU-8 is
very difficult and is one of the challenges that industry at the moment is facing.
2.2.3 Exposure Strategies
In this section we explain different exposure strategies which have been used for
the fabrication process of short and long microfluidic channels with different dept in
4Epoxy is the chemical combination of phenol which consists of benzene ring with an attached
OH side-groups, and epichlorohydrin
5Viscosity of a liquid is named dynamic or absolute viscosity and is in unit of N.s/m2. Kinematic
viscosity is defined as the dynamic viscosity/density with unit of m2/s. St stands for stokes which
is another unit for Kinematic viscosity and is equal to cm2/s or 10−4m2/s. cSt means centistokes
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thick PMMA sheets using PBW. For exposure we have either used typically a beam
of 2 MeV protons for 60µm deep channels, or a beam of 2 MeV H+2 for 20µm deep
channels. Two beam scanning methods have been used to fabricate the PMMA micro
channels in this study. The first method utilizes a magnetic scan system where a set
of magnetic scan coils is used to deflect the beam over a total area no greater than
2 × 2 mm2. Figure 2.6 shows a SEM image of several microchannels fabricated in
solid PMMA. The structures were irradiated using a beam of 2 MeV protons focused
down to a beam spot size of 200 × 200 nm2 scanned magnetically over an area of 50
× 50 µm2. In order to better observe the profile of the channels by SEM, a 20 × 20
µm2 square reservoir was fabricated adjacent to one end of the channels. The typical
irradiation parameters used in the patterning experiments include a scan speed of
2mm/s, a beam current of around 50 pA, with a beam size of 1 × 1 µm2, and a dose
of 80 nC/mm2.
Figure 2.6: SEM image of several microchannels fabricated in a thick piece of PMMA
(2mm) with a 200 × 200 nm2 beam spot scanned magnetically over a 50 × 50 µm2
area connecting to 20 × 20 µm2 reservoirs. The channels have different dimensions
from 10µm down to 300nm widths.
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Figure 2.7: SEM images of the channel with earth loop and noise.
We have found from experience that, when unwanted mechanical and AC magnetic
field vibrations are minimized, noise from earth loops influences the smoothness of
the structures significantly. Earth loops produce waviness in the fabricated structures
walls with frequencies corresponding to 50 or 100 Hz (Figure 2.7). An improvement
in noise reduction was effected by connecting power supplies and scanning systems
to a common earth. Figure 2.8 shows the improvement in side wall smoothness as a
result of minimizing earth loops. For these structures a beam spot size of 1×1µm2,
and a dose of 80nC/mm2 was used .
With magnetic scanning, the pixel size should be small compared to the beam
spot size so that when the beam spot scans the pattern pixel by pixel it can overlap
and expose the pattern evenly. If the ratio of the pixel size to the beam spot size
59
Figure 2.8: SEM images of the channels with minimum noise and earth loop.
is not small enough then non-uniform pattern exposure can result, leading to wavy
side-walls. Figure 2.9(a) shows that due to this problem the trace of the beam spot
profile appears on the side-walls of the channel. In this case, a beam spot of 200
× 200nm2 was used to pattern a reservoir over an area of 100 × 100 µm2 defined
in a mesh of 2048 × 2048 pixels. The ratio of the pixel size to the beam size was
1/4. As we can see, down to a depth of around 24µm the trace of the beam spot on
the side wall is apparent. However, as the beam penetrates deeper into the resist it





Figure 2.9: (a) SEM images show a 100 × 100 µm2 reservoir using 2048 × 2048 pixel
scanning fabricated near the edge of a thick PMMA sheet using a beam of 2MeV
protons with 200 × 200 nm2 spot size. (b) SEM images of a 40µm reservoir using
2048×2048 pixel scanning fabricated near the edge of a thick PMMA sheet using a
beam of 2MeV protons with 200 × 200 nm2 spot size.
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Figure 2.9(b) shows the same pattern using similar conditions and beam spot size
but over an area of 40 × 40 µm2, i.e. a pixel/beam size ratio of 1/10. As we can see
the beam size is large enough to eliminate the trace of the beam over the side walls
of the channel. Our experiments have indicated that the ratio of the pixel size to the
beam size should be less than 1/6 for a 1 × 1 µm2 beam spot size and less than 1/10
for beam spots as small as 200 × 200 nm2 to achieve an even exposure and therefore
smooth structures. The cracks on the surface in the SEM images are due to the gold
deposition which is used to produce a conductive surface for clear imaging.
For wider and longer channels, a combination of magnetic and stage scanning
was used. Using this method structures as large as 2.5 × 2.5 cm2 can be fabricated.
The typical irradiation parameters in this method are determined by a combination of
magnetic scanning which deflects the beam in for example x-direction and stage scan-
ning which moves the stage with a constant speed in y-direction. Magnetic scanning is
controlled by the number of pixels and dwell time in x-direction which define the scan
speed while the stage travels with constant speed in y-direction. If we assume that in
one magnetic scan loop the beam spot traces P (number of pixels) in x-direction, the
time of this scan is t(magnetic scanning)=P(No of pixels)*update time(µs/pixel). During
this time interval, the stage travels a distance d(stage’s displacement)=u(stage speed)*t(magnetic scanning).
In order to achieve an even dose exposure, the distance the sample has been displaced
after every loop of magnetic scanning experimentally should be less than the beam
spot size. Figure 2.10 shows the effect of a nonuniform dose distribution where the
stage displacement was 1/2 of the beam spot size (1×1µm2). Thus, the trace of the
beam spot appears on the bottom of the channel. Our experimental results indicate
that for micron size beam spot size if the stage’s displacement, d, is less than 1/3
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1d (of the beam spot at micron size)
3












Figure 2.10: (a) Schematic of stage scanning. (b) and (c) Optical micrographs of 2cm
long channels in thick PMMA. The stage scanning and magnetic update time, play
a major roll in the uniformity of the channel.
of the beam spot size, we can achieve an even dose exposure for microchannels. For
nanosize beam spot, since the beam has high resolution the above condition changes
to 1/6. Figure 2.11 shows a 2cm long channel 50µm(width)×60µm(depth) fabricated
where d=1/3 of the beam spot size.
Another problem in fabrication of long channels using stage scanning is unwanted
stage movement resulting in discontinuities or steps in the side-walls of the channels.
If the discontinuity of the scanning is in the direction of stage movement, then the
step can appear as a single wall blocking the channel. Figure 2.12(a) shows a 2cm
long channel 50µm width 60µm depth in thick PMMA using single scanning loop
which due to a stage jump shows a step in the side of the channel. The dots at the
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(a) (b)
Figure 2.11: SEM image of a 2cm long channel in thick PMMA. The stage velocity
was 1.5µm/s with 1 × 1 µm2 beam spot size.
bottom of the channels are due to the beam intensity fluctuation (see figure 2.12(a)).
The dots are caused by increased dose exposure on one spot which after development
appear as small holes. In our case, this is a stage controller hardware problem which
can be rectified using a more reliable stage controller unit. To minimize these effects,
multiloop-stage scanning can improve the scan quality as is shown in figure 2.12(b)
which shows a 50µm channel 60µm deep obtained 2MeV proton beam using 4-loop




Figure 2.12: SEM images of (a) unwanted steps and some dots at the bottom of the
channels due to stage scanning translation problems. (b) of the long channels without
any unwanted steps at the side-walls, produced by 4-loop scanning.
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Figure 2.13: Proton-induced secondary electron image from a self supported 10µm
nickel grid. The grid has been fabricated by a combination of proton beam writing
and nickel watts bath electroplating. The secondary electron image has been taken
by 2 MeV p-beam at 0.5 pA current.
To use submicron size probe for microfabrication, it is necessary to focus the beam
to submicron sizes. In this study, we employed a home made self-supported nickel
grid which exhibits holes and spaces of 15µm and 20µm to focus the beam down to
several hundred nanometers [130]. Figure 2.13 shows the CEM image of this grid.
This standard exhibits straight vertical sidewalls with well defined sharp edges and
a smooth surface [131]. However, the features of this standard are relatively large,
the walls have a 89.3◦ side wall slope or an edge width of 130nm and therefore only
suitable for measuring and focusing probes to micron sizes down to a few hundred
nanometers.
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2.2.4 Physical Characteristics of Microchannels
In this section, we present the results of measurements we have carried out to char-
acterize the side-wall roughness and molecular bond structures of the direct written
microchannels using AFM, X-Ray Photoelectron Spectroscopy (XPS), and water con-
tact angle measurement methods.
Side Wall Roughness of the PMMA Microchannels
The surface roughness of microfluidic channels is one of the factors affecting the
fluid flow and heat transfer [132, 133]. Smoothness is also important if the patterns
are transferred into metallic stamps, which is a significant characteristic for imprinting
the microchannels in polymers. This produces smooth imprinted microchannels and
it reduces the damage to the imprinted structures during demolding the stamp from
the polymer.
In order to determine the surface roughness of the microchannels, a 50 × 50 µm2
area was irradiated by 2 MeV proton beam with 800×800 nm2 beam spot size. To
access the side-wall of the channel, the structure was machined over the edge of a
2mm thick sheet of PMMA at 90◦ to the normal beam scanning direction. This
enables us to machine a single sidewall so that the surface of the sidewall is accessible
for analysis. Figure 2.14 shows a typical picture of the patterned areas at the edge.
The surface roughness was measured over an area of 2 × 2 µm2 using an AFM in
tapping mode (see figure 2.15) and a side-wall roughness of 2.45nm rms at different
depths was obtained. This is a significant improvement of the sidewall roughness by
a factor of two compare to other techniques [134, 103].
XPS Characterization of Polymer Bonds on the Surface of Channels
We carried out XPS to characterize the polymer bond structures at the surface
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Figure 2.14: SEM and AFM images of the side wall of an open channel at the edge
of a PMMA sheet.
of the channel wall. In this measurement, we used a beam of Al Kαx-ray (1.48keV)
with 20 µm beam spot size. In order to compare the polymer bond structures at
the surface of microchannel walls and at the surface of unexposed PMMA, in the
XPS system we used a focused x-ray beam inside and outside the microchannels. A
100 µm wide microchannel was placed in front of the x-ray beam in two orientations
one normal to the incident beam and the other at 60◦ tilt angle with respect to the
incident beam. The tilt angle is used to enhance the surface signals, and therefore to
investigate the bonds at the end of the polymer chain on the surface.
The comparison of the XPS spectrum from inside the channels 2.16(a) with the
XPS spectrum from outside the channels 2.16(b) at the same orientations indicate the
same polymer bond structures. In other words there is no specific difference between
unexposed normal PMMA and the surface of the channels which is after development
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Figure 2.15: SEM and AFM surface images measurement of the side wall of p-beam
written microchannel with dimensions of 20×50µm2.
of the exposed patterns. We carried out some study on the hydrophobicity of the
surface of the microchannel using the method of water contact angle measurement
inside the channel. Since in the contact angle measurement the water bubble has
a minimum diameter of 0.5mm, therefore we patterned a big square of 1×1cm2 to
provide enough area for measurement. According to our measurement an average
value of 74◦ is obtained which indicates that the surface of the channels are hydrophilic


































































































































Figure 2.16: (a) MicroXPS inside the channel. (b) MicroXPS outside the channel.
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PMMA
Drilling though the marks at the back
Figure 2.17: Schematic diagram of the drilling processes.
2.2.5 Bonding, Reservoirs and Interconnects for Microfluidic
Channels
Sealing and fabricating vias and interconnects for enclosing and access to the fluidic
channels are important technological aspects of a microfluidic device fabrication. Im-
mense efforts have gone into achieving efficient, well-controlled and reproducible ways
to inject the required liquids into the channels without contaminating or damaging
the channels [135]. In this section, we explain the ways that we used to seal and to
access our fabricated microfluidic channels.
Drilling
Figure 2.17 shows a schematic representation of the drilling process (typically
between 500 µm to 2mm diameter) to fabricate through-holes to act as reservoirs for
the channels. We have used a conventional drill operated at moderate rpm (800) to
preclude melting the polymer material and to keep the walls of the reservoirs smooth.
To planarize the top edge of the holes, we press the polymer against the smooth
surface of a silicon wafer at high temperature. The drill alignment was obtained by
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Figure 2.18: Optical micrograph of a 500 µm through-hole connected to
50µm(width)× 60µm(depth) channel in PMMA.
marking the end of the channel from the opposite side of the PMMA piece using an
inverted microscope. Figure 2.18 shows a typical photograph of drilled through-holes.
Bonding Process
After fabrication of the channel and drilling the reservoirs, a process of thermal
bonding was used to seal the channel. This is necessary to prevent from reagent
evaporation from the channel, as the evaporation speed at micron sizes is high. The
samples were first cleaned in Alcohol and deionized water, after which a second piece
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of PMMA was placed in contact with the sample with the microfabricated channel.
The samples were then sandwiched between two microscope slides under 2kg/cm2
pressure, and heated up to 145◦C for 30 min. After bonding the structures were
gradually cooled down to room temperature. Figures 2.20a and 2.20b show bonded
channels filled with deionized water. Figure 2.19 shows the cross section of a bonded
10 µm
Figure 2.19: Optical micrograph of the cross section of a sealed PMMA microchannel
with dimensions of 20×50µm2.
PMMA microfluidic channel. As we can see, there is no leakage path or dead volume
after bonding which could lead to bubble trapping and channel clogging. The side
view of the bonded channel also shows a perfect bonding. It should be noticed that
this bonding process was used for bonding two PMMA pieces with similar molecular
weight. Our observation indicates that the bonding of different types of PMMA’s such
as low molecular weight PMMA impact modified from Goodfellow to high molecular
weight PMMA from Ro¨hm is not successful.
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(b)(a)
Figure 2.20: a) A 4 port Tee-cross microchannel made in PMMA. (b) Optical micro-
graph of a bonded 50µm(width)×20µm(depth) microchannel in PMMA.
Tubing
To inject fluid into the microfluidic reservoirs a flexible tubing system is used.
Polytetrafluoroethylene (PTFE) tubing (410 µm outside diameter, 150 µm inner di-
ameter) was placed into each of the through-holes. In order to prevent the tube
pressing against the floor of the channel and blocking the flow, the tube was inserted
half way into the through-holes. Epoxy (JB-KwikTM or AralditeR rapid) was then
used to fix the tubing in the holes. Since the outer diameter of the tubes were chosen
to match the inner diameter of the holes, the tubes fitted tightly into the holes. Be-
fore applying the epoxy, we waited a short while to slightly harden the epoxy, so that
the slightly hardened epoxy did not block the holes. Another Polytetrafluoroethylene
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(PTFE) tubing with a 0.6 mm inside diameter was slipped over the 410 µm Polyte-
trafluoroethylene tubing, and more epoxy was used to bond this new tubing in place.
Luer LockTM connectors were then attached to the Polytetrafluoroethylene tubing to
syringes for filling the microchannels.
Integrating of the Electric Contacts into the Reservoirs
While our first microfluidic test devices were fabricated with tubing directly glued
into the through-holes, this process was eventually replaced by using a winged infusion
syringe set which includes a needle connected to a long flexible tube for injection.
The tip of the needle was polished and flattened for a tight connection to the holes.
Needles with the diameters of 0.5mm, 0.65mm, 1.1mm, and 2.0mm have been used
for this purpose. To prevent contamination from being introduced into the channels,
a single-use non-pyrogenic 0.20µm filter(Minisart CE) was connected to the syringe
set. This more direct approach allows easier integration of electric contacts inside the
channels for electroosmosis tests.
In order to apply the external electrokinetic force for fluid flow the electric contacts
were initially made by Pt wires, which were placed into the open reservoirs. The disad-
vantages of this simple way are that due to hydrolysis at the electrodes-buffer contact,
impurities can be introduced which block the channels. A more sophisticated method
involving integration of the electrodes was developed, which minimized the previous
problems, and brought the development of our fluidic devices closer to an indepen-
dent miniaturized system. We have used the so-called lift-off process (schematically
shown in figure 2.21). This process involves the sputtering of a chemically inert metal
into the patterned areas of a resist which after removed leaves behind the electrical









Figure 2.21: A modified lift-off process for patterning the electrodes into the mi-
crochannels.
and after the bonding procedure we deposited a thin layer of Cr or Ti, which acts as
an adhesion promoter.
The fabrication process starts by spin-coating a thin layer of 3µm SHIPLEY
S1800R positive photo resist (4000 rpm for 60 s) onto a PMMA piece 2 × 2 cm2
used for bonding. The spinning process starts by cleaning the PMMA with alcohol,
deionized water and drying. After pre-baking at 60◦C for 15 min, a Nikon 1505 G6E
G-line (λ=350nm, 0.54 NA), 150 mJ/cm2 flood exposure photolithography facility
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(a) (b)
Au electric contacts 






Figure 2.22: The patterned electrodes resulted by using the modified lift-off process.
(a) is the pattern on the surface of the PMMA after development. (b) are the electric
contacts after sputtering and removing of the resist. The electrodes were designed
to be connected to the bond pads which will be used for connection to the outside
circuitries.
was used to pattern the resist through a predefined transparency mask6. The expo-
sure time was 8s followed by a bake at 60◦C for 30min. The patterns were developed
with a 5% NaOH solution. Figure 2.22a shows the developed patterns on the PMMA
surface before sputtering of the resist. In the next step, we sputtered a layer of 20nm
Cr to enhance the adhesion of gold to PMMA. Since gold has poor adhesion to most
substrates such as Si and PMMA, it is necessary to deposit a thin layer of adhesion
promoter in advance. After this step we sputtered Au(200nm) on Cr(20nm)/PMMA
as electrodes. The removing and lift-off process itself is done in a 5% NaOH solution.
6since PMMA is sensitive to UV light with λ<250nm, the source should have wavelength bigger
than this.
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Figure 2.22b shows typical electrodes patterned on the substrate showing connections
to the external bond pads which can be used for wiring connections to the external
circuitry.
2.3 Proton BeamWriting of Nanochannels in PMMA
Proton beam writing is a unique direct write technique for creating high aspect ratio
high density 3D nanofeatures. Due to the deep straight path of the protons into
the resist with minimal proximity effect, a proton beam can achieve high aspect
ratio nanofeatures which makes it unique for 3D nanolithography. In this section, we
explain the application of PBW for production of sub-100nm channels in 2µm spin
coated PMMA utilizing PBW. The de Broglie wavelength of a 2MeV proton is less
than 0.02pm or 0.00002nm, which is far below typical atomic or nuclear sizes. Hence,
diffraction is not a limiting factor of resolution. Ideally, proton beam writing can
achieve to a beam resolution of 10 × 40 nm2 or even less [136]. However, despite
the very unique characteristics of proton beam writing, its application for sub-100nm
lithography has many difficulties and challenges. Problems such as target instabilities,
beam energy fluctuations, focusing lens temperature instabilities, resolution standard
quality used for probe size estimation, matching the sample surface to the beam focal
plane, influence of chemical developer represent some of the difficulties encountered in
p-beam nanolithography. In the following sections, we describe some of the problems
we have encountered and the ways we have tried to overcome them. Finally, we
present some of the fabricated nanostructures.
For fabrication of nanostructures, it is necessary to focus the beam spot to sub-





Figure 2.23: CEM map of the X-ray mask exhibiting an array of 1µm holes 2µm thick
etched in silicon. The width of the red lines in x and y-directions are used to estimate
the beam spot size. The width of the vertical red line indicates the beam size in the
horizontal plane and the width of the horizontal red line indicates the beam focus in
vertical plane.
very low (typically less than 0.1 to 0.2 RBS counts/s with a beam current as low as less
than a 0.1 pA). Therefore, it is necessary to employ a highly sensitive detection system
with a very high yield. In our experiments, we used Channel Electron Multiplier
(CEM) to detect the secondary electron (SE) emission7. Secondary electrons produce
7CEM detects the secondary electrons generated by the proton beam exposure from the surface
of the sample with a very high yield. The collected electrons transferred to a computer through a
data acquisition system to collect the CEM counts and map the surface. Although the detector can
sustain count rates of 1×106 the detector will saturate and it’s efficiency drops. This high rate also
decreases its life time. Consequently, the beam current and count rate during CEM mapping should
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high resolution images with sharp edges. Therefore, we used SE imaging to focus the
beam to sub-100nm spot sizes by imaging a high quality resolution standard consisted
of an array of 1 × 1µm2 holes with relatively sharp edges (see figure 2.23).
The fabrication of nanostructures also needs a very high sensitive feedback system
for dose normalization. The feedback systems could be dependent on many different
emission products of ion-atom interactions such as x-rays, secondary electrons, light,
etc. In our experiments, we used two feedback systems simultaneously: a PIN diode
to measure STIM signals, and a CEM detector. These systems have much higher
yield per proton compared to the RBS yield. However, their sensitivities are not
similar. To measure the ratio of the PIN diode count rate to the CEM count rate,
we mount the PIN diode on the target holder. The CEM is mounted in the chamber
close to the sample. Then, we moved the beam to the PIN diode to count the real
number of incident protons in the beam directly8. Next, using the same experimental
conditions we moved the beam to the corner of the real sample and calibrate the ratio
of the CEM count rate to the PIN diode count rate. A STIM/CEM conversion factor
of almost 100 was obtained. For pattern exposure with count rates higher than the
PIN diode maximum operating rate, we used CEM detector. The CEM count was
converted to the real dose using the above conversion factor9
be decreased to very low values (typically <1pA and 10000Hz respectively [137]).
8Since the efficiency of the PIN diode detector drops very fast and it will damage easily, the count
rate should be very low (typically 3000Hz)
9The disadvantage of using the CEM detector for dose normalization is it’s dependence on the
surface topography and the composition of the substrate which influences the secondary electron
emission yield and therefore the count rates. Hence, it is more desirable to use a PIN diode to count
directly the number of incident protons.
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2.3.1 Resolution Standard
For low current nano size probes, it is convenient to measure beam size in transmission
mode. This means the sample should be thin enough so that the MeV protons
transmit through the holes and the bars so that contrast maps can be constructed
using proton energy loss techniques. For this, we have used a non-commercial X-ray
mask exhibiting 1µm holes which appear to have an edge width of up to about 30nm
due to side wall slope. Our best resolution quoted for a beam of low current 2MeV
H+2 with 10000 protons per second is 35 × 75 nm2 [138]. However, there are not too
many techniques that can make these sort of standards and it may be that p-beam
writing has the attributes to make its own resolution standard [139].
2.3.2 Focal Plane
Finding the focal image plane of the protons and locating this sample surface onto
the focal plane is another important factor which influences the lateral dimensions
of the nanofeatures fabricated using p-beam writing. Since our high demagnification
compact lens system has a shorter working distance (beam focus to lens distance)
than the conventional lens systems, the beam has a steeper focusing angle and any
focal plane mismatch can increase the feature size. If we have a demagnification of
228 in the x direction, and 60 in the y direction, then the protons are converging
at an angle of 228 × tan(αx) in x-plane and at an angle of 60 × tan(αy) in y-plane.

















x × tan(α′x) in x-








y × tan(α′y) in y-plane. Quantitatively, for an
object distance of P=7m with collimator openings of ∆x=10µm, ∆y=10µm, if the
81




x=50µm in x and y, then the beam is widening by
±A′B′x = 17nm in x which is an error of 34nm and by ±A′B′y = 4nm in y-plane.
Therefore, for any small mismatch between the microscope focal plane and the sample
surface, the beam spot size can be larger than expected.
Our approach to minimize this effect was to use a high magnification microscope
to ensure that the focal plane of the imaged protons (as measured by optimizing the
beam spot size on a resolution standard) was in co-incidence with the surface of the
PMMA substrate, which can be positioned using the z-stage movement.
2.3.3 Beam Size to Pixel Size Ratio
In general the beam size and the pixel size define the lateral dimension of the nanofea-
tures created by p-beam writing. When the initial proton beam size is bigger than
the pixel size of the pattern, those pixels which are covered by a fraction of the beam
receive less dose than the normalized dose.
For example in a pattern of 50 × 50 µm2 in a 2048 × 2048 mesh of pixels, pixel
pitch is '25nm. Then, a probe of 100×100 nm2 is 4 times bigger than the pixel size.
However, the scan program calculates the necessary dose exposure based on the pixel
area which is 1
4
of the real exposed area. Therefore, we should scan the pattern 4
times to compensate the extra 3
4
necessary dose fraction for the real exposed area. In
addition, if the beam size is bigger than the pixel size, the exposure of the peripheral
pixels of the patterns will expand the expected predesigned area to a bigger real area.
This is especially a significant error in nanoscales. These effects need to be considered
in a beam control file containing the required proton beam scan parameters.
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2.3.4 Dose Exposure
As an example we consider PBW of 250nm grooves in 2µm spin coated PMMA resist
on Si (see figure 2.24). The grooves are connected to 50 × 50 µm2 reservoirs. The
exposure of the grooves and reservoirs were performed separately. Firstly the grooves
were scanned at low current with resolution of 4096 × 4096 pixels in a scan area of
50 × 50 µm2. Then, we moved the stage 40µm along the grooves and exposed the
reservoirs at a much higher beam current of 10pA corresponding to a larger spot size.
Figure 2.24: SEM micrograph of 250nm fluidic channels in 2µm spin coated PMMA
resist 950K g/mole connected to 50 × 50 µm2 reservoirs.
This minimizes the total exposure time, but since the beam resolution for the
larger area reservoirs is poor compared to the grooves the edges at the grooves at the
inlet and outlet have reduced sharpness. This can be avoided by scanning part of the
reservoir next to the channel using similar conditions as for the channels. Figure 2.25
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Figure 2.25: SEM micrograph of 125nm side walls connected to 20µm2 reservoir in
2µm spin coated PMMA resist.
represents the sharper side-edges produced at the connection between a 125nm side
wall to a 20µm2 reservoir in 2µm spin coated resist. The reservoirs were defined in
2048 mesh within a 50 × 50 µm2 area.
In our system, the p-beam writing beam profile always appears to be sharper in one
direction compare to the direction perpendicular to it. As the structures shrink down
more and more, this inhomogeneity in the beam focus leads to features with higher
resolution in one direction compare to the other direction. This can be due to lower
Y demagnification, increased φ abberations, stray magnetic fields or other unresolved




Figure 2.26: SEM micrograph of a sub-micron channel in thick PMMA connected to
a reservoir.
x direction we scanned the beam in Y direction to achieve higher resolution nano-
channels. Figure 2.26 demonstrates a channel with 660nm width in thick PMMA
sheet connected to 10×10µm2 reservoir. The beam was scanned in y-direction or
vertical plane to maintain sharp edges in the x-direction.
For large number of high density features the most systematic way of dose expo-
sure is by using a high brightness stable beam in multiple-loop continuous scanning.
However, even then it may still happen that beam intensity fluctuations lead to dose
deficiencies in part of the structures. Figure 2.27 shows an array of high density
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Non-developed 
areas due to the 
dose variations
10µm
Figure 2.27: SEM micrograph of arrays of 600nm lines/400nm spaces in 2µm PMMA
resist with the right hand side partly undeveloped because of the dose deficiency.
600nm lines/400nm spaces with the structures partially undeveloped because of dose
deficiency at the right hand side. This indicates that despite multi-loop scanning, it
is still crucial to tune the accelerator for high beam current and energy stability.
2.3.5 Multiple-Scanning or Single-Scanning
Empirical results show that multiple scanning with less dwelling time is more preferred
than single scanning with longer dwelling times. This approach produces smoother
grooves with minimal line edge roughness (LER) although at the expense of some
deterioration in resolution. This smoothness is due to the reason that since the beam
scans faster in several cycles, any beam fluctuation or dose variation is averaged over
all the patterns.
Figure 2.28 shows the comparison of two series of arrays of lines/spaces which have
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(a) 1-loop (b) 8-loop
Figure 2.28: SEM micrograph of the arrays of lines/spaces in 2µ spin coated PMMA
resist; (a) is written in one loop with 2400µs dwell time. (b) is written in an 8 loop
scanning process.
been written in similar exposure conditions but using two different scan loop cycles.
Both structures were written in 2µm spin coated PMMA resist on Si. The series (a)
is written in one loop with 2400µs dwelling time. The long dwelling time is to insure
sufficient dose/pixel. Series (b) is written in 8 loop scanning process faster than series
(a) using dwelling time of 300µs. As we can see series (b) is much smoother than
series (a).
2.3.6 Beam Spread and Trim Calculation
The beam spread is the spread of the protons from their ideal straight path as they
penetrate into the resist. When MeV energetic protons collide onto a low z material,
they scatter and transfer energy with two different mechanisms: the scattering and
energy transfer into the target nuclei and the scattering and energy transfer into the
target electrons. The dominant energy transfer mechanism is to the target electrons
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which produces many short rang secondary electrons very close to the path of the
incident protons. However, in this mechanism the scattering of the higher mass
protons by low mass electrons is very small. Therefore, the protons can penetrate
deep into the resist along a straight path while transferring energy. Near to the end of
range where the protons have low energy, the nuclear scattering mechanism becomes
dominant. However, in this mechanism the scattering of the protons is increased and
the beam spreads out rapidly. For microchannels this effect can be neglected since
the size of the channel is comparatively much larger than the beam spread.
To investigate the influence of the beam spread on channel width as a function of
depth, we carried out an experimental study using a beam of 2 MeV protons of 200
× 200 nm2 beam spot size. To observe the profile of the channel, we fabricated a 20
× 20 µm2 reservoir connected to the channel and placed the reservoir at a polished
edge of the PMMA sheet to produce access for front view imaging.
To compare the experimental results with theory, we carried out appropriate
Monte Carlo simulation using the Trim computer code [15]. Since the average energy
transfer per electron collision is relatively small and many thousands of collisions occur
before the ion comes to rest, we can assume that the collisions are individual events
which means the results of a Monte Carlo Simulation is acceptable. In our simulation
we considered 50000 protons incident on a PMMA target (lucite ρ=1.19g/cm3) with
a layer thickness initially 0.1µm and increased in steps of 0.1 or 0.5µm. At every
step we have calculated the radial range of the transmitted protons perpendicular to
the incident beam. The radial range was considered as the radius of a circle which
covers 90% of the number of transmitted protons. Figure 2.29 shows the radial range




















Figure 2.29: Comparison of experimental and Trim simulation results of the radial
range of a beam of 2MeV proton incident on PMMA (Lucite) target. For experimental
measurements we used the lateral increase in the width of the microchannel in fig 2.30.
its comparison with experimental results which is shown in fig 2.30. These results
indicating that proximity effects (exposure due to unwanted secondary electrons) are
minimal. Figure 2.30 shows the SEM images of the 400nm channel from top of the
channel down to the end of range. SEM images indicate a lateral increase in the width
of the channels according to depth, where the side-walls of the channels are vertical
until to a depth of ∼5µm where then the channel’s cross-section starts to increase
gradually. The gradual increase in energy deposition of the protons continues until
near to the end of range around a depth of 60µm where due to the rapid increase in
the stopping power or energy deposition, the channel’s width increase rapidly. This is
due to the lateral spread of the incident beam, the energy of the secondary electrons,
the incident angle of the focused beam with respect to vertical direction, and the
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developer swelling of the polymer.
The SEM images show that beyond a critical depth the channel was not com-
pletely developed and the exposed resist down to the end of range remained in the
channel. This is because for small feature sizes the development rate is decreasing pro-
portionably and after a critical depth the exposed resists remain inside the channels.
At low Reynolds number the shear force prevents the viscous developer penetrating
deeply into the high aspect ratio sub-micron channels. According to SEM images the
development of the channels up to a depth of 5µm was complete. This indicates that
PBW can fabricate nanochannels with vertical straight side walls. According to SEM
images the walls are vertical down to almost 5µm depth with negligible radial beam
spread.
Figure 2.30: SEM images of 400nm channel at the side of a optically polished PMMA
sheet.
Chapter 3
Proton Beam Fabrication of Nickel
Stamps for Nanoimprint
Lithography
In this chapter we present the process for fabricating Nickel stamps using a com-
bination of proton beam writing and nickel electroplating. Stamp technologies can
be used to transfer patterns into a wide range of polymeric substrates in a single
step. They are capable of parallel pattern transfer over large areas, low cost and high
throughput. Stamp technology has material flexibility, which means structures can
be produced in different substrates with a wide range of functionalities and the nec-
essary properties to be useful for a wide range of applications. Among various stamp
based technologies, Nanoimprint lithography (NIL) has demonstrated high potential
as a new nanofabrication technique that differs from conventional UV lithography
and e-beam lithography in that features are formed onto a substrate by pressing a
hard stamp against a polymer substrate at high temperatures and pressures and then
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releasing at low temperatures. In the first approximation, the ultimate resolution of
the patterns are determined by the resolution of the features on the surface of the
stamp [140, 141]. Thus, the quality of the stamp is an integral feature of nanoim-
print lithography. High resolution stamps are currently made by e-beam lithography
and dry etching, and shallow stamps by e-beam lithography and metal lift-off. Li et
all [142] has evaluated the relative hardness of stamps made out of various materi-
als including Si, SiO2, poly-Si, SiC, Silicon nitride and sapphire for NIL. Commercial
stamps from these materials, particularly SiO2, and poly-Si are now available and dif-
ferent research groups have been using them for NIL research and applications [143].
Tanguchi et al [141] have presented diamond as a candidate mold for nanoimprint-
ing and Pfeiffer and Schulz et al [61, 144] have investigated thermosetting polymeric
stamps for nanoimprinting. Nickel stamps fabricated by e-beam lithography and
electroplating [60, 145], which exhibit high resolution features, increased durability,
elasticity, and hardness, have been used for industrial applications of NIL. The litho-
graphic potential of proton beam writing (PBW) to produce the initial features in
suitable resists can be employed to transfer these patterns into 3D metallic replicas
utilizing electroplating. These stamps are of high quality and exhibit smooth straight
and vertical side-walls with features down to and below 100nm. In the following
sections, after a brief discussion on electroplating and nickel sulfamate plating we
present the fabrication process for making microstamps and two new approaches we
have explored to achieve void free high aspect ratio nanostamps.
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3.1 Introduction
We describe here the fabrication of high quality 3D stamps using a combination of
Proton Beam Writing (PBW) and Ni Sulfamate electroplating. Because the processes
for producing microstamps and nanostamps are different, we will consider the two
processes separately.
3.2 Introduction to Electroplating
Electroplating is associated with the passage of direct current through an electrolyte
solution which contains metal ions Mez+. The electroplating cell consists of an elec-
trolyte, a set of electrodes and a power supply, see figure 3.1. By applying voltage,
the ions inside the electrolyte solution move toward the electrodes. At the cathode
(negative electrode), metal ions are removed from the electrolyte; each ion is provided
with an electron to produce metal atoms, which are deposited onto the conductive
areas of the cathode (sample).
Mez+ + ze− −→Me (3.2.1)
As this reaction continues, the anode (positive electrode) supplies electrons to the
metal atoms which then dissolve into the electrolyte.
Me −→Mez+ + ze− (3.2.2)
In an ionic solution, at the interface between the electrode and aqueous solution,
due to the electrical repulsion, chemical (van der Waalls) attraction, and Brownian
motion, an electric double layer (EDL) near to the solid surface spontaneously forms.
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The EDL influences the ion distribution in the polar medium in the vicinity of the
electrodes surfaces. The formation of an interfacial charge causes a rearrangement












Figure 3.1: Schematic representation of an electroplating cell.
If the ionization is faster, the electrode become negative relative to the electrolyte
solution and if the deposition is faster, the electrode become positive relative to the
electrolyte solution. The electrostatic potential between the metal and the solution
is called the electrode potential. Figure 3.2 shows the elemental metals that can be
plated from aqueous solutions. They occupy a portion of the periodic table which
suggests a correlation between the electronic structure of the elements, electrode













































































Figure 3.2: Metals that can be electroplated from aqueous solutions[5]










where R is the Gas constant, T the temperature, z the number of electrons trans-
ferred, F Faraday’s constant1, and E the standard reduction potential for the reaction
measured versus a standard hydrogen electrode (SHE). Reduction (cathodic process
reaction eq 3.2.1)takes place from electrolyte to electrodes by ion deposition on elec-
trodes. Oxidation (anodic process reaction eq 3.2.2) takes place when the surface
atoms of the electrode dissolve into the electrolyte. Table 3.1 shows standard reduc-
tion potentials for selected metals. The reduction potential is a measure of how easily
the metal is oxidized (loses electrons) and dissolves into the electrolyte, e.g. iron
is oxidized more easily than copper. Therefore, the elements with lower reduction
potential can act as an electrode for an electrolyte of elements with high potential,
but not vice-versa.
1Faraday’s constant, F = 96485 C/mole, is the charge of one mole of electrons.
95
Table 3.1: Standard reduction potentials versus SHE for selected metals [1]
.
Red ↔ Ox + e− E	[V]
Au ↔ Au 3+ + 3e− +1.50
Cu ↔ Cu 2+ + 2e− +0.34
H 2 ↔ 2H+ + 2e− 0.0
Ni ↔ Ni 2+ + 2e− -0.26
Co ↔ Co 2+ + 2e− -0.28
Fe ↔ Fe 2+ + 2e− -0.45
Cr ↔ Cr 2+ + 2e− -0.74
If the electrodes are made from the same material as the electrolyte ions, an
equilibrium maintains the number of metal ions in the electrolyte. If the anode is
fabricated from other elements such as inert metals, then oxygen (O2) is created at
the anode, and the number of metal ions in the electrolyte decreases due to their
deposition at the cathode. Such a cell requires more maintenance as new metal salts
must be added frequently. Secondary reactions such as hydrogen evolution can take
place at the cathode. These reactions will lower the efficiency of the cell and change
the pH value unless a buffer is added to the electrolyte to stabilize the pH.
If we estimate the charge transfer, using the density, mass and the plating area,
we can calculate the thickness of the deposited layer. For one mole of every element
we have Na = 6.02× 1023 number of ions. Every monovalent ion has e = 1.6× 10−19
Coulomb charge. Therefore, one mole deposition of monovalent ions requires e×Na =
96500 coulomb transferred through the electroplating cell. The same amount of metal
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will be corroded from the anode and will appear in the electrolyte as Mez+. This
value is called Faraday Number.
The number of metal ions in mole deposited at the cathode is then n = Q
zF
, where
Q = I · t is the charge delivered by the power supply in the time t. z is the number
of electrons taking part in the reduction of one metal ion take place at cathode. The
mass of the plated metal is given by:




where M is the molar mass of the plated metal. Assuming a mass density ρ and a








where j is the average current density at the cathode. For some electroplating
processes, this expression holds in practice since no competing reactions take place at
the cathode. However, for most processes secondary reactions ”consume” a fraction
of the plating current. An important practical figure-of-merit for a plating process








Equation 3.2.4 shows that the local plating thickness is proportional to the local
current density. The current distribution on the cathode is given by two contributions:
• Primary Current Distribution: Depends on the resistivity of the electrolyte
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Figure 3.3: Current distribution and resulting material distribution for a cathode
with patterned resist (a) without auxiliary areas, and (b) with auxiliary areas acting
as current thieves.
be calculated using standard electrostatic theory. The current density will be
higher in areas with protrusions and low density of structures, compared to areas
with cavities and high density of structures. Placement of dummy structures
in areas with small and/or isolated structures, e.g. around them, can improve
the uniformity significantly. The effect on the thickness uniformity by adding
current thieves is illustrated in figure 3.3.
• Secondary Current Distribution: Due to the complex relation between differ-
ent over-voltages and the current, the primary current distribution is changed
in a manner that is difficult to predict. As an example, diffusion through the
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boundary around the sample can increase the theft fields and thus plating cur-
rent, which leads to some inhomogeneities around the plated areas. This put
a limit on the plating current densities, as the higher current densities leads to
a higher diffusion over-voltage or fields. However, there are some ways to im-
prove this defect by simply having more control over plating parameters such as
stirring, plating temperature and low current density. Also, by adding certain
additives to the electrolyte, the overvoltages can be changed, and the proper-
ties of the deposited layer can to some extent be modified. For example, there
are additives which improve the levelling effect of the electroplating process
and provide a more uniform material distribution. Also, the current density
and temperature are affecting the mechanical properties of the plated metallic
structures such as stress, strain, hardness and roughness.
3.2.1 Electroplating Process for Microstructures
Electroplating is a relatively new process in the fabrication of microsystems, even
though the plating knowledge is more than 100 years old. Our stamps have been
made using the Technotrans AG, RD.50 plating system using a Ni sulfamate bath
with sodium-dodecyl-ether-sulphamate wetting agent without organic additives. The
anion active wetting agent improves the penetration of the electrolyte solution into
the deep and narrow trenches of the patterns in the resist so that the electroplating
starts all over the patterns from the bottom seed layer evenly.
In the plating process, there are couple of factors that influence the plating process
and the plated structures. These factors are either related to the plating facilities or
to the plating conditions. For example, the applied power supply should maintain
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a stable plating current with minimum ripples during the plating process. In the
Technotrans system, a Pulse Reverse Power Supply 25.0 A-type version 02-010 is
used.
The electrolyte is stored in a collection tank, heated by thermostat-controlled
porcelain heaters, and continuously cycled through a 10µm pre-filter and a 0.5µm
fine filter to clean and maintain a low particle concentration.
The pH of the solution affects the colloidal environment of the electrolyte. This
is mainly through the electric double layer forming at the interface of the electrolyte
and the metallic electrodes. A special control system is used to keep the pH constant.
Because the temperature of the bath solution is relatively high (around 50 ◦C), water
evaporation changes the concentration and the pH of the solution. To guarantee a
constant bath composition, the nickel concentration has to be maintained constant.
Since the temperature effects the grain size as well as the composition of the elec-
trolyte solution, the temperature is also kept stable and constant. In order to have
uniform distribution of temperature and concentration, the bath solution flows cycli-
cally between the tank and the cell. In addition, during the plating, the cathode
(sample) to be plated is mounted onto a spindle drive rotating with adjustable speed.
This improves the diffusion of the electrolyte over the sample surface. For high as-
pect ratio structures, it is better to decrease the rotating rate to aid diffusion of the
electrolyte into the trenches thereby minimizing voids in the patterns during plating.
The cell consists of three main parts: a) The electrolyte b) the anode basket
and c) the cathode. Figure 3.4 shows the schematic diagram of the electroplating
cell. The electrolyte is stored in the tank at 50 ◦C temperature and pH=3.5. Before










Figure 3.4: System schematic for electroplating cell
drive. This serves two purposes: 1) as an electric contact of the cathode without
dissolution into electrolyte and 2) agitation by rotating the cathode with adjustable
speed via the spindle drive. A sketch of the details of the plating cell is shown in
figure 3.5. In order to produce a good electric contact, a titanium ring was mounted
from the top to clamp the wafer. The ring has dimensions of 2 and 4 inch and is based
on the size of the sample. In order to confine and make the electric field lines parallel
a baﬄe with a centered opening tunnel is mounted inside the bath between the anode
basket and the cathode. This allows only the field lines passing through the tunnel
to reach to the cathode. The tunnel baﬄe has a filter integrated between the anode
and cathode which prevents dirt particles settling on the sample. Figure 3.6 shows a







Figure 3.5: Schematic diagram of electroplating cell. 1)anode basket 2)electrolyte
3)spindle drive 4)cathode plus mounting plate 5)tunnel baﬄe
3.2.2 Seed Layers for Electroplating
Electroplating requires a conductive seed layer to initiate the process. Since silicon
wafers are not sufficiently conductive, they must be coated with a conductive layer
prior to electroplating. A seed layer is usually deposited by a standard vacuum depo-
sition methods such as physical vapor deposition (PVD) or chemical vapor deposition
(CVD) techniques. The PVD techniques are techniques such as electron beam evap-
oration or sputtering. However, we also carried out some preliminary tests using a
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Figure 3.6: Schematic of the plating sample holder.
met by the seed layer can be summarized as follows:
• 1) Good conductor: The seed layer should be able to transfer electrons from
the power supply to the metal ions in the electrolyte. The resistance of the
seed layer must be sufficiently low in order to ensure a uniform potential across
the wafer. A 200-300 nm gold or copper seed layer will usually fulfil these
requirements.
• 2) Good adhesion: Good adhesion of the seed layer to the substrate is important
in order to prevent delamination due to residual stress in the deposited film.
Gold does not have good adhesion to silicon, and so a thin (approximately 20
nm) layer of chromium or titanium deposited underneath the seed layer will
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increase adhesion. Formation of a strong bond between the seed layer and the
plated metal should also be ensured through proper cleaning of the seed layer
prior to electroplating.
• 3) Chemical resistance: The seed layer should be able to withstand the aggres-
sive chemicals of the electrolyte. This is further complicated when Pulse Reverse
(PR) plating techniques are utilized. In PR plating the current is reversed for
short periods of time, and small amounts of deposited metal are re-etched. The
type of seed layer depends very much on the type of electrolyte used.
• 4) Removable: In some experiments, it is essential that the seed layer can be
removed after metal deposition and mould removal, e.g. to make a free standing
high resolution grid. The seed layer etching must be performed selectively to
the other materials present on the wafer. Alternatively, the seed layer can be
patterned prior to plating. Such a strategy would require an additional masking
step and also a thicker seed layer.
Seed Layer Materials
Depending on the purpose of the experiments, a variety of metals can be used
as seed layer. In microsystems, the most commonly used metals are copper or gold.
However, materials such as nickel [146, 147] and titanium [148] have also been tried.
Copper Seed Layers
Due to its good conducting properties, copper is widely used as seed layer material
[149, 150, 151, 152, 153]. The major disadvantage is its tendency to react with the
atmosphere forming copper oxide that can be difficult to remove. This problem can
be circumvented by protecting the layer in a N2 environment; also a protecting layer
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can be used to cover the surface which is removed immediately before electroplating.
The protective layer could e.g. be a chromium layer [154] or the unpatterned resist
[152]. Copper can be etched selectively to other metals such as nickel with typically
in a mixture of water, ammonia and hydrogen peroxide [155, 156].
Gold Seed Layers
Gold is an excellent seed layer material, since it has a high conductivity, it does
not form oxides, and it is chemically resistant to most electrolytes. However, gold has
a very poor adhesion to silicon and glasses and is usually combined with a chromium
or titanium adhesion promoter layer [157, 158, 159]. Gold can be etched selectivity to
other metals such as nickel, copper or any of their alloys by the use of a commercially
available etchant [160]. This cyanide containing chemical can be mixed to etch gold
at a rate of approximately 3 nm/s.
In general, it is important to carry out the deposition under clean room conditions.
In the choice of the seed layer, there is a compromise between the requirements for
good resist adhesion and ability to initiate electroplating. Gold, copper, titanium, and
chromium are suitable layers to meet these requirements. However, gold and copper as
opposed to Ti or Cr do not have good adhesion to the surface of silicon. Our approach
was to coat the silicon wafer with a thin layer of Cr or Ti as an adhesive promoter
following by Au or Cu in clean room conditions. This double coating ensures adhesion
as well as electrical conductivity for the electro-deposition step. There are many
factors that influences the adhesion of the resist to the Au(200nm)/Cr(20nm)/Si(100)
substrate. To meet these requirements, the coated wafers were cleaned with acetone,
rinsed with DI water, dried, and prebaked at 250oC for 1hr to dehydrate the surface
thereby ensuring good adhesion prior to coating with resist. The difference is that
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in case of copper, during dry-baking the copper oxidizes forming black copper, thus
improving the adhesion to the resist.
Seed Layer Thickness
The seed layer thickness should be enough to provide uniform electric contact
for the electroplating process. If the layer is too thin, the non-uniformity and any
voids in the seed layer can lead to a poor current distribution, thereby resulting in
poor material distribution and nonuniform internal stress. The deposition technique,
the deposited metal, and the substrate used for deposition are important factors in
the seed layer formation. Systems such as e-beam evaporation are useful for thicker
layers > 10 to 20nm, but too fast for accurate control. However, a sputtering system
has better control with lower deposition speed although it needs proper calibration
for every separate target in terms of current and voltage. The method of filtered
cathodic vacuum arc source (FCVA) [161] in our opinion was the best deposition
technique, with a good control over thickness and a good uniformity and smoothness
of the deposited layer. In our experiments, we deposited a layer of 200nm Au (as seed
layer) on 20nm chromium (as an adhesion promoter) to the Si wafer.
3.2.3 Nickel Electroplating
Nickel electroplating is a well-known process that has been used in industry for a long
time. Many different nickel electrolytes exist, but the sulphamate-based electrolytes
are preferred for microsystems technology, due to the formation of smooth, stress-free
deposits with homogeneous material distribution at high deposition rates. We carried
out nickel electroplating with two different bath compositions: nickel sulfamate bath,
and nickel watts bath.
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Boric acid(H3BO3 as a buffer) 45





Magnetic stirrer (RPM) 200-500
Nickel Watts Bath
A typical preparation of the nickel watt bath is shown in table 3.2. A nickel watts
bath used for electroforming of nickel micro/nano structures consists of nickel sulfate,
which provides most of the nickel ion concentration with stable anions that are not
reduced at the cathode nor oxidized at the anode. Nickel chloride, which introduces
chloride ions, and is required to prevent anode passivation. Nickel chloride improves
the anode dissolution into the electrolyte and therefore improves the bath efficiency.
It also increases the conductivity and the nickel concentration. The high nickel con-
centration improves the so called ’micro-throwing’ power of the watts bath, meaning
structures with small dimensions are filled at a similar rate as those with larger cross
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sections. This avoids the use of levelling agents which are usually added to improve
the uniformity of the metal deposition2. Boric acid is used as a buffer, controlling
the pH. Sodium lauryl sulfate is added for two purposes: 1) as an anti-pitting agent
and 2) as a wetting agent. Anti-pitting agents are necessary to promote release of
hydrogen gas bubbles formed at cathode by discharge of hydrogen ions clinging to the
cathode surface producing pits. The wetting agent is used to suppress pit formation
on the surface of the plated structures. The wetting agent also reduces the surface
tension of a liquid, thereby causing the penetration of the electrolyte into the deep
and narrow trenches, so that the electroplating deposits metal evenly on the metallic
base of the patterned areas of the resist.
We first dissolve organic additives which were: 1) Saccharine or Thiourea, 2)
Coumarin, and 3) Sodium lauryl sulfate. Saccharine and Coumarin are both used
as brighteners and stress reducers. Stress can be caused by the incorporation of
foreign materials in the electrolytes such as co-deposited hydrogen which obstruct
normal lattice formation and produces lattice mismatch. Saccharine works as a stress
reliever by infiltrating the structure of deposited nickel and altering the contraction
of the lattice as the ions arrange themselves in regular lattice positions. However, if
the organic additives exceed an specific concentration, they can induce compressive
stress. These additives also diminish nickel grain size, improving the hardness of the
plated structures.
The plating mixture was mixed as follows: Sodium lauryl sulfate was added to
50m` deionized water (with the propriety concentration according to table 3.2). All
2Levellers are usually organic agents which provide a smoother surface for the plated structures.
By adding them, a so called true-levelling is achieved with high micro-throwing power where the
deposits are thicker in the valleys than on the peaks. Therefore, the plated sample are smoother








Figure 3.7: Schematic diagram of the electroplating cell
the processes were kept at 55 ◦C. After adding the organic additives, nickel sulfate,
NiSO4·6H2O was added and then nickel chloride, NiCl2·6H2O. The last step (which is
very sensitive) is adding the boric acid, because if the acid is added rapidly, then after
some time (between a day to week depending on the process) white acid particles
precipitate at lower temperature. To avoid this, Boric Acid, H3BO3 was added in
small amounts over 3 hours, approximately 0.1-0.3g at a time until it dissolved. Before
starting the plating process, it is necessary to test the pH of the solution, and adjust
the pH of the final bath solution to its optimum value of 2. In order to adjust the pH
we used either HCl to reduce pH, or NaOH to increase pH.
To start the plating process, we usually use a dummy Ni sample to test and control
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Table 3.3: pH adjustment.
additives(100µ` additive≡a pH change of 1) Effects
HCl pH fall
NH4OH or NaOH pH rise
the plating rate and the plating system. This provides an experimental relationship
between the plating rate and the plating thickness. Fig 3.7 shows a schematic diagram
of a small home made plating system. The plating rate is defined as the ratio of
coating thickness over plating time and expressed by the following modification of








where h is the thickness, t the plating time, η the current efficiency, M the molecular





the density (metal). Only the cathode efficiency and current density can
be used as variables [162]. Since every mole of nickel has 58.71g weight and 6.02×1023









where m is the mass of the deposits. From these we can estimate an experimental






Figure 3.8: SEM micrograph of plated Ni grids.
Figure 3.8 shows a SEM image of a plated Ni grids using the nickel Watts bath.
The image indicates very smooth surface and side walls with sharp edges suitable
for applications such as a resolution standard for proton beam focusing. Here, the
typical plating current was 50mA/cm2.
Nickel Sulfamate Bath
For nickel Sulfamate electroplating we employed an industrial system used for CD and
DVD production from Technotrans modec.efs. Since, this bath composition doesn’t
require organic additives, it exhibits bigger grain sizes. The composition of the bath
consists of: 89±3g/` of pure Ni2+ i.e. 380±10g/` Ni-sulfamate, NiCl2 ∼ 10 g/`, 40
g/` boric acid as a boric acid as a buffer and approximately 0.06g/` of an anion active
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Table 3.4: Nickel-Sulfamate bath composition.
Vol 100 `
Ni(in the form of nickel Sulfamate) 89g/`±3
Boric acid(as a buffer) 40-55g/`
NiCl2 10g/`
Wetting agent(Sodium dodecyl ether sulphate) 0.05-0.10 m`/`
pH 3.5-3.8
T 52− 54 ◦C
Flow Rate 12-15 `/min
RPM(for high aspect ratio structures RPM=0) 60
wetting agent. The pH value of the bath is between 3.5 to 3.8 and the temperature
of the bath is 50 ◦C. Table 3.4 summarizes the typical bath composition used for
electroplating.
The electroplating cell contains 100 liters of electrolyte in a poly propylene elec-
trolyte tank. A pump feeds the electrolyte from the tank through a pre filter and
a fine filter into the plating cell and back into the tank. The process cell has an
anode basket, containing spherical nickel pellets (INCO S-nickel pellets). The pellets
contains >99.96% pure nickel plus 0.026% sulfur. The sulphur is added in a small,
closely controlled amount to maximize the pellet’s electrochemical activity. Being
fully active, INCO S-nickel pellets dissolve smoothly at 100% efficiency in the plating
solution. The sulfur in the pellets does not enter the solution but forms insoluble
nickel sulfide that is retained in the anode bag where it acts to remove unwanted
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Figure 3.9: SEM micrograph of plated Ni grids using Ni Sulfamate bath solution.
copper impurities from plating solution. The pellets are situated at one side of the
cell (see figure 3.5). Using an anode basket with nickel pellets is convenient because
it avoids the use of large and heavy anodes, no corrosive products are produced, and
maintenance is easier. The nickel chloride is added to improve the anode dissolution.
The cathode is a rotating titanium mounting plate connected to a spindle drive situ-
ated above the plating cell. The electric potential between the anode basket and the
mounting plate causes ions to dissolve from the pellets, and traverse the electrolyte
from the anode to the cathode. We carried out different experiments at different







Our investigation indicates that the grain size on the surface of the nickel sulfamate
electroplating appears to be more than 1µm as measured by an optical microscope.
This produces a rough surface which is not suitable for microfabrication. If we plate
on a smooth substrate via delamination, the bottom surface of the electroplating in
contact with the substrate replicates the smoothness of the substrate surface exhibit-
ing almost similar morphology and roughness, although the upper surface is more
rough. Figure 3.9 shows the surface of a plated sample in contact with a conductive
Au(200nm)/Cr(20nm)/Si plating seed layer after delamination.
We carried out an AFM investigation on the surfaces of the top, bottom, and
side-wall of the plated structures (figure 3.10). The AFM results reveal that the Si
original wafer has surface roughness of RMS ' 0.57nm while the surface roughness
of a deposited gold seed layer on Si (Au(200nm)/Cr(20nm)/Si) has a RMS ' 1.5nm.
The surface roughness of the plated structures in contact with the gold deposited on
SU-8 seed layer (Au(200nm)/Cr(20nm)/SU-8(20µm)/Au(200nm)/Cr(20nm)/Si) was
0.8nm whereas the surface roughness of the plated structures in contact with the gold
deposited on silicon seed layer (Au(200nm)/Cr(20nm)/Si) was 2.26nm. This indicates
that the smoothness of the stripped metallic surface is close to the smoothness of the
plating substrate. Our investigations show that the smoothness of a stripped metal
surface supported on resist based seed layer is higher than the silicon based seed layer.
Thus, we can conclude that plating on a seed layer which is deposited on a smoother




Figure 3.10: SEM micrograph of different surfaces of the plated structures.
(a) Stripped surface supported on Au/Cr/Si (b) Stripped surface supported on
Au/Cr/SU-8 (c) Side-wall Surface in contact with Au/Cr/SU-8 (d) Top Surface of
the nickel sulfamate electroplating
3.2.4 Copper Electroplating
Copper is widely used as sacrificial layer in microsystems especially for fabrication of
released nickel microstructures [147, 163, 164, 165]. Both acidic and alkaline baths
can be used for electroplating of copper. Acidic copper baths based on an aqueous
solution of copper sulphate and sulfuric acid are used extensively in the PCB industry.
Copper sulphate based electrolytes have been reported to be used for microsystems
applications [166, 167]. According to the literature the pyrophosphate copper bath is
a better choice because it has resist-friendly pH value of 9, smoothness, and stability
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Table 3.5: Copper bath composition.
Vol Watts bath Cupracid(193m`)
Copper Sulfate, CuSO4.5H2O 188g/` 50g
Sulfuric acid, H2SO4 75g/` 8.2m`
Wetting agent 0.68m`




T 37 ◦C 35 ◦C
agitation 300rpm 300rpm
with a reasonable material distribution were obtained for current densities in the
range of 15 mA/cm2 to 25 mA/cm2. The bath temperature with low tensile stress
level is about 55 ◦C. In this project we carried out some plating tests to see if copper
is a suitable material of choice to fabricate metallic structures. Since copper is a soft
material it is not a good choice for stamp fabrication but it could be considered as
a plating base for fabrication of resolution standards. Two plating baths have been
prepared in our laboratory. The bath solutions include: 1) Watts bath solution 2)
Cupracid bath solution, see table 3.5.
Figure 3.11 shows a SEM images of a plated Cu grid using copper sulfate bath
solution. The mold in this case was SU-8. The typical plating current for Cu plating
was 30mA/cm2 which is proportional to 1µm/s plating rate. A comparison between
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SEM images of the plated Cu and Ni structures indicates that the surface of the
plated structures with Cu Watts bath is not as smooth as the Ni Watts bath. This
mainly is due to the organic additives used in Ni Watts bath which reduce the grain
size effectively which is more suitable for microfabrication.
Figure 3.11: SEM micrograph of plated Cu grids.
3.3 The Fabrication Process for Making Microstamps
In this section, we present the fabrication processes of Ni stamps with micron size
features on its surface. In order to produce stamps with reproducible characteristics,
the individual processes need to be well controlled, and the final stamps must be well
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Figure 3.12: Schematic representation of the process of stamp fabrication using proton
beam writing.
must be performed in accordance with the standards of integrated circuit technology.
This provides a full control over environmental and system parameters. We perform
all the fabrication steps in a class 1000 clean room environment3.
A schematic representation of the process of stamp fabrication using proton beam
writing is shown in Fig 3.12. This process involves: a) Coating a conductive seed
layer for electroplating onto a Si substrate followed by a spin coated layer of resist eg
3USA Federal Standard 209D classification defines a class 1000 clean room as a space with less
than 1000 particles per ft3 with 0.5µm3 dimension. In a clean room, special filters hum continuously
the air which is flowing from inside toward outside. Lab users must wear special clean room cloths:
a bunny suit, hair cap, face mask, booties or overshoes, and latex gloves all the time.
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PMMA, b) Exposure using proton beam writing , c) Development of the structures,
d) Deposition of a second metallization layer on the top surface which acts as a seed
layer for the base of the stamp, e) Electro-plating of the structures, plus over-plating
to form the base for the stamp, e) Delamination of the stamp from the substrate, and
f) Cleaning.
3.3.1 Stamp Fabrication Using PMMA Positive Resist
In general proton beam writing in polymer to form molds for subsequent electroplat-
ing contains the following steps: priming, spin-coating, soft-baking, exposure, and
developing.
We carried out experiments for the fabrication of stamps with micron size features
in both PMMA and SU-8 resists using proton beam writing. PMMA is very difficult
and challenging to spin coat to thick layers of more than 5µm on Si wafers and
a lot of research has been dedicated to developing new methods to achieve thick
PMMA layers. The production of thick layers of PMMA is dependent on the PMMA
characteristics, ambient conditions, and the substrate surface (which is usually coated
with a plating seed layer). Microstamps typically have feature depths from 1µm and
up to 50µm. That means a PMMA layer should have thicknesses from a micron up
to 50-60 micron. New processes need to be developed to achieve thick uniform layers
of PMMA resist to fulfil this demand. PMMA typically has poor adhesion to the
plating substrate, and delamination of the resist can occur during development of the
exposed resist or during electroplating.
In general, there are three major approaches to apply PMMA on a substrate: Spin
coating, casting, and solvent bonding. Resist layers up to a thickness of 1000µm can
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Figure 3.13: Spin process for 8µm PMMA on Cu(150nm)/Ta(20nm)/Si substrate.
(The spin curves of PMMA resist with different densities are included in appendix B)
be achieved using these methods. We consider here the technique of spin coating,
which is most commonly used for thin films. In spin coating there are many para-
meters which contribute strongly to the final film thickness of a given polymer and
solvent mixture. These primarily include the initial polymer concentration, the initial
solution viscosity, and the spinning speed. For example a mixture of PMMA-toluene
as a solvent has different characteristics compared with PMMA-anisole or the more
commonly used chloroform. Other parameters include the rate of solvent evaporation
which depends on the mass transfer coefficient from liquid to gas, the fluid flow condi-
tions in the gas phase, the spin time and other processing details. It is also necessary
to enhance the adhesion of the resist on hydrophilic surfaces, which means the sub-
strate wafer should be primed prior to deposition of the resist with e.g. oxide layer
[168]. In order to achieve relatively thick layers of PMMA we have to overcome two
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Figure 3.14: 10µm PMMA on Cu(150nm)/Ta(20nm)/Si substrate.
fundamental problems: the poor adhesion of PMMA resist to gold or copper plating
seed layers sputtered on silicon, and the difficulty of building up thick layers of uni-
form spin-coated PMMA resist. Here we introduce two potential solutions for these
two problems. To enhance the adhesion of PMMA to the substrate, we sputtered
a thin layer of Ta as an adhesion promoter following by Cu as a plating seed layer
on silicon wafer. During post-baking, the copper seed layer changes to black oxide
and bonds to the spin-coated resist which leads to improved adhesion [168]. Since
copper oxidizes very fast, prior to spin-coating we have to keep the wafer in a dry
atmosphere using a desiccator connected to vacuum and nitrogen systems to admit
dry N2 to the chamber. To achieve greater PMMA thicknesses we have used a mul-
tilayer spin-coating process where three consecutive spin-bake processes with a low
spin speed of 700 to 900 rpm and baking temperature of 180 ◦C were carried out, the
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Figure 3.15: SEM micrograph of Ni stamps consist of ridges with 10µm(height)×
20µm(width) × 2cm(length) dimensions obtained by using PMMA as a mold.
samples were baked for 60 min after every spinning step. Prebaking is needed to drive
out the remaining solvent from the resist [169]. The resists layers are spun according
to the typical spin-coating process illustrated in figure 3.13). Figure 3.14 shows SEM
images of a patterned 10µm spin coated PMMA obtained with the multilayer spin
coating procedure. The sidewalls show uniform layer continuity with no interface
marks visible between the consecutively spin coated layers. Figure 3.15 shows a SEM
image of part of a microstamp consists of a 2cm long plated ridges on its surface using
PMMA mold. The stamp shows straight smooth vertical side-walls with sharp edges
similar to the mold patterns.
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3.3.2 Stamp Fabrication Using SU-8 Negative Resist
For proton beam writing, SU-8 resist has shown consistently excellent resolution com-
parable to that of PMMA. However, it is still not clear what the ultimate resolution
of proton beam writing in PMMA or SU-8 is, and which resist will ultimately demon-
strate the highest resolution. Also, with the introduction of new type of resists, more
research needs to be done to find out the ultimate resolution of proton beam writing.
SU-8 behaves as a negative resist. It is a resist which is easier to form thick
films and to fabricate high aspect ratio micron size structures. However, the major
drawback of SU-8 is that the highly cross-linked epoxy produced after exposure is not
easy to remove, making it difficult to use as an electroplating mold.
In principle, the processing steps in the fabrication of metallic stamps using SU-
8 as a mold is similar to PMMA. Figure 3.16 shows the schematic diagram of the
fabrication process used in the case of SU-8. In this case, a Au(200nm)/Cr(20nm)/Si
wafer was used as substrate. If the SU-8 is spun in a clean-room environment, the
adhesion of the SU-8 to the gold seed layer is good enough to achieve a thick resist
layer.
Figure 3.17 shows the spin-coat process and the baking process used in a clean-
room environment to spin a 20 µm layer of SU-8. SU-8 is commercially available in
different types that will permit coatings from 2µm up to 500µm in a single coat. In
the above stamp fabrication procedure, we used SU-8 type 10. However, for thinner
layers we should use a less viscous type such as SU-8 5 or SU-8 2. A layer of 20µm
SU-8 10 was spun on Au(200nm)/Cr(20nm)/Si with good adhesion. A ridge pattern
with dimensions of 50µm(width)× 20µm(height) × 2cm(length) was exposed in SU-8












Deposition of the second 






Figure 3.16: Schematic of the fabrication process of microstamp with recessed features
within a large elevated surface level (negative relief patterning) using SU-8 as a mould.
was magnetically scanned over a length of 50µm in the x-direction while the stage was
driven at a constant speed of 40µm/s in the y-direction. After exposure the patterns
were developed using the commercially available SU-8 developer from MicroChem
Corp(MCC). Figure 3.18 shows a SEM image of part of 2cm long plated ridge. The
plating has been done with a typical Ni sulfamate bath solution using Technotrans
AG, RD.50 plating system without organic additives. The deposition is carried out
employing first a low current density of 0.4A/dm2, which leads to a growth rate of
100nm/min for the first 100µm and a high current density of 4A/dm2, equivalent to
a growth rate of 1µm/min for the next 300µm recess areas of the stamp. The low




























Figure 3.17: Spin coating process for 20µm SU-8 on Au(200nm)/Cr(20nm)/Si sub-
strate. (The spin speed curve of SU-8 resist is included in appendix B)
as well as higher hardness.
Two kinds of patterned stamps were fabricated in this study. One with elevated
features over a large recessed surface (positive relief patterning) and the other with
recessed features within a large elevated surface level (negative relief patterning).
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(a) (b)
Figure 3.18: SEM image of a Ni stamp fabricated by p-beam writing using SU-8 as
a mold. The Stamp consists of ridges with dimensions of 50µm width, 20µm depth,
and 2cm length supported on Ni base areas.
3.4 Fabrication Process of Nanostamps
In this section we describe the process for fabricating a 3D nanostamps with high as-
pect ratio nanostructures on its surface. The fabrication process of 3D nanostamps is
slightly different from microstamps, due to high aspect ratio constrains which leads to
problems such as void formation in the plated structures and swelling of the patterns
during development. In order to overcome these difficulties, we have used different
methods with different conditions to find a working protocol. The important issue
here is to achieve a reproducible, precise, and simple process which solves the extra
difficulties in fabricating nanostamps. Here, we explain some of the problems we had
for electroplating of nanostructures and the methods that we have used to overcome
these difficulties.
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One problem in electroplating of nanostructures is that for prototyping extremely
small areas the plating current is limited to very small currents (nanoamp to picoamp).
These small currents are subject to problems such as noise and fluctuations making
it difficult to maintain stability. In general, these small currents are out of the range
of commercial electroplating power supplies. One way around this problem is to
increase the effective plating area by patterning dummy regions placed around the
nanostructures to attain reasonable plating currents. If the dummy regions are large,
proton beam writing is very time consuming, and it is then better to use UV flood
exposure ('248nm).
As an example here we present an array of electroplated lines/spaces using a Ni
sulfamate bath solution figures 3.19(a) and 3.19(b). The structures consist of lines of
80nm width and 80 to 40nm spaces structured in 200nm PMMA resist (950k g/mole)
spin coated on a Au(200nm)/TiW(20nm)/Si substrate. A beam of 2MeV H2
+ with 60
× 120 nm2 beam spot size was scanned over an area of 20 × 20 µm2, with an update
time of 1200 µs/mm and dose of 200nC/mm2. As explained previously, for dose
normalization a combination of CEM and PIN diode detection systems were employed.
Using a PIN diode we can directly count the number of incident protons which then
can be converted to the CEM counts to obtain a conversion factor between incident
protons and secondary electrons emitted from the resist. This ensures a precise dose
exposure, provided that the beam current remains constant. The secondary electrons
were collected using an Amptektron MD-502 electron detector, positioned at about
60◦ to the beam direction with a bias of 175 volts. The structures were developed
using IPA:water developer.
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Figure 3.19: SEM image of Ni electroplated 80nm parallel lines fabricated by p-beam













Figure 3.20: Schematic of sample mounting steps, delamination and stamp fabrica-
tion.
A second way of increasing the plating current to a manageable values is to increase
the plating area by mounting the samples on a larger conductive base plate which
has electrical contact with the sample. The electrical contact was provided using a
conductive tape (in our case a copper tape).
Figure 3.20 shows a schematic representation of the sample mounting with a chem-
ically resistive plastic tape covering the copper tape. While the copper tape provides
the electric contact, the plastic tape prevents copper from dissolving into the elec-
trolyte. The plastic tape confines the stamp to central regions which in fact defines
the stamp size. On removing the plastic tape, the stamp usually peels off from the
Si substrate. If this doesn’t happen, a sharp blade can be inserted in between the
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Figure 3.21: SEM images of a stamp exhibiting ridges with dimensions of 200nm
(width)×2µm (height) supported on a large recessed surface. Voids are formed due
to the aspect ratio constraints during electroplating.
sample and the substrate to gently separate the stamp from substrate.
Experiments on high aspect ratio nanostamps revealed that our stamp fabrication
process faced problems of void formation in the plated high aspect ratio ridges on
the stamp. Figure 3.21 shows SEM images of typical voids in the relief structures
on the stamp, consisting of ridges with dimensions of 200nm or 100nm(widths) ×
2µm(height) × 30µm(length) connected to 100 × 100 or 50 × 50 µm2 reservoirs.
Subsequent investigation revealed that this problem originates from the third step
of our stamp fabrication process (i.e. the second metallization layer for electroplating
the base areas of the stamp). During the second metallization process, we observed
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Figure 3.22: SEM image of 250nm groove fabricated by PBW in 2µm PMMA spun
on Au(200nm)/Cr(20nm)/Si substrate. The pattern is coated with a layer of 5nm Ti
using the filtered cathodic vacuum arc (FCVA) technique.
slight deposition of the metal ions on the side walls of the developed structures.
This deposition resulted in electric contact between the top metallic layer and the
bottom seed layer (see figure 3.22). Due to the high aspect ratio of the trenches, the
plating growth front on the side walls met at the top of the trench before the bottom
plating growth front reached the top, typically forming voids in the high aspect ratio
structures. This is illustrated schematically in figure 3.23. Our experimental results
showed that electroplating voids appeared in the plated relief nanofeatures on the
stamp, for aspect ratios of 2 or more.
To avoid void formation, we carried out different experimental approaches to
achieve the best reproducible process to prevent side-wall deposition. One approach
is to employ a metal deposition technique which has a perfect parallel incident beam.







Figure 3.23: Schematic procedures of void formation in high aspect ratio metallic
nanostamps. (a) Side-wall deposition which leads to an electric contact between the
bottom seed layer and the top metallization layer. (b) The plating growth at the side
walls meet before the bottom growth front reaches to the top, typically forming voids
in trenches with the electric contact between the top and the bottom metallization
layers through the side wall deposition.
sidewall deposition and provide a perfect electrical isolation between the top and
bottom metallization layers.
Various parallel beam deposition techniques were investigated. The available de-
position techniques were sputtering, e-beam evaporation, and FCVA (Filtered Ca-
thodic Vacuum Arc). Sputtering is based on inert Ar ions generated in a glow dis-
charge plasma using DC bias between the sample and the target (cathode) such as Ti.
The Ar ions accelerate toward the Ti target and sputter Ti atoms from the target onto
the surface of the sample, at a vacuum of the order of 10−3Torr. Since the vacuum is
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Figure 3.24: SEM image of the plated ridges on the fabricated stamp using e-beam
evaporation for deposition of the second metallization layer.
not high in this technique, the ions have a small mean free path and the deposition
is effectively caused by a homogeneous plasma, and is therefore not considered as
parallel deposition method. Deposition from an Ar sputtering source therefore still
yields voids in the relief features on the fabricated stamps.
In the case of e-beam evaporation, the source of deposited atoms is far away from
the sample, appears as a point source, and is under high vacuum (typically 10−6 torr)
with a long mean free path for the ions (typically 1m [170]). Therefore, e-beam
evaporation could be considered as a candidate to achieve a parallel beam deposition.
However, to avoid side-wall deposition the samples should then be mounted perfectly
normal to the incident beam. Figure 3.24 illustrates the ridges on the stamp using
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e-beam evaporation for deposition of the second metallization layer. In this case, we
tried to keep the sample normal to the assumed incident path for the beam. SEM
images shows that although we could minimize the side wall depositions we couldn’t
prevent subsequent electric contact. In this particular case, we observed no metallic
joint between the very thin plated layer at the bottom of the trenches and the top
closed bases.
We also carried out some experiments using a FCVA deposition technique which
is believed to posses a relatively parallel focused beam perpendicular to the sample
surface. In this system the beam is filtered and scanned over the surface of the sample
to deposit the second metallization layer. As we can see, the bottom growth front
reached higher levels (almost half way up to the top). This shows that the side-wall
deposition occurred only near to the top and near to the bottom there was no electric
contact to produce lateral growth. The FCVA process needs more research to show
whether this approach could be successful.
We also carried out some experiments to identify if we could use a two step
plating process where we first plate the inside patterns, then deposit the second
metallization layer, and finally continue the over-plating to make the base area of
the stamp. After the first plating step the sample is transferred from the plating
bath to the deposition system, and following deposition the sample is returned to the
plating machine to continue the overplating process. The drawback of this approach
is that the two step plating process exposes the surface of the sample to the air,
which introduces contamination and formation of an oxide layer which lower the
adhesion between the two plated structures. Consequently, the fabricated stamp is
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Figure 3.25: Schematic of the void-free process includes first plating, then deposition,
and finally overplating.
tests frequently broke during delamination after imprinting. Figure 3.25 illustrates
the schematic representation of this process. Figure 3.26 shows SEM images of the
broken stamp after delamination.
None of the above approaches were considered satisfactory, and therefore two
new approaches were devised. (1) deposition of the second metallization layer before
proton beam patterning; this relies on the proton beam penetrating the second met-
allization layer without adverse effects and (2) deposition of the second metallization
layer after proton exposure, but before developing the exposed areas. Both meth-
ods rely on the penetration of the developer through the second metallization layer.
In both these approaches, the layer should be thin enough so that the structures
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Figure 3.26: SEM image of the broken stamps obtained by weak joint between the
plated structures and the over plated base areas.
can be developed but thick enough to provide a conductive layer for the subsequent
over-plating process. Figure 3.27 shows the schematic diagram of the nanostamp fab-
rication process which is different from microstamp fabrication process where instead
of developing the structures and then depositing the second metallization layer, in
nanostamp fabrication process first the second metallization layer is deposited and





























Figure 3.27: Schematic of the developed nanostamp fabrication processes. (a) is the
second method which deposits the second metallization layer first and then develops
the patterns. (b) is the first method which involves proton beam writing through the
second metallization layer.
137
Our experimental results show that deposition of a second metallization layer of
3nm Ti provides adequate adhesion and good conductivity. However, the deposition
should be carried out in a clean room environment. Both processes outlined above
were successful in complete elimination of voids. The reason is that since in both
processes the second metallization layer is deposited before developing, when the ex-
posed resists are developed the top metallic layer is also removed from the developed
areas, and there is no electrical contact to the bottom seed layer. Figure 3.28 illus-
trates void free stamps fabricated by the above mentioned processes. We carried out
extensive tests to achieve the optimum process parameters. The most important is to
have a good adhesion between the second metallization layer and the resist surface.
100nm
Figure 3.28: 200nm smooth (RMS∼7nm) high aspect ratio(∼10) void-free nickel
stamp.
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To improve adhesion of the 2nd metallization layer to the resist surface, we carried
out some tests using FCVA deposition with 500V applied voltage to the sample. Here
the ions accelerate during deposition, implant into the substrate thereby improving
adhesion. Using this process, even after 4hr in developer, the layer was still firmly
attached. Figure 3.29 illustrates a void free nanostamp with ridges down to 100nm
which have been plated with this deposition process.
Figure 3.29: 100nm smooth (RMS∼7nm) high aspect ratio(∼20) void-free nickel
nanostamp.
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3.5 Delamination of the Stamps
After electroplating, the stamp needs to be mechanically delaminated from the sub-
strate. For this we gently inserted a sharp blade between the stamp and substrate.
For thin fragile stamps this process is not suitable since the stamp can be bent.
Therefore, it is better to dip the sample for long time into non-aggressive etchant for
separation (for example Toluene 40◦C or normal water).
3.6 Cleaning of the Stamps
Cleaning of the stamp after electroplating and delamination is an important issue
which surprisingly can be technically challenging. This is especially difficult when
using SU-8 resist as a mold. The cleaning of stamps mainly depends on the material
used for plating, and the resist used for patterning. Also, in our fabrication tech-
nique, since we deposit a second metallization layer for overplating, sometimes after
delamination of the stamp from the substrate the second metallization layer adheres
to the stamp and is difficult to remove.
Cleaning PMMA Resist Based Stamps
PMMA as a mold for plating is very convenient because it can be easily removed.
Although there are many solvents used to remove unexposed PMMA [171], acetone
is the most often used [172]. In our experiments, the most reliable removers we
have used were acetone and toluene. Since, Toluene can withstand reliably at high
temperatures, after delamination, we immerse the stamp in toluene at 40◦C. The
required time (depending on the PMMA thickness) can be from several minutes up
to couple of hours. For example for 50µm PMMA resist, immersion of the sample is
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around 2 to 3 hours but for 2µm PMMA resist only several minutes are required.
Cleaning SU-8 Resist Based Stamps
SU-8 as a mold for plating is very difficult to remove. The highly cross linked
epoxy resulting from the lithography process is insoluble in most chemicals. There
are variety of SU-8 removal techniques, some not very efficient, some very expensive,
and some with drawbacks. In our process, we have utilized a combination of chemical
and dry removal. In our attempts, we used chemical etching to strip off the highly
cross-linked exposed SU-8 resist from the plated structures. The etching process was
carried out inside a fume hood with the extra protection of using safety spectacles, face
mask, and gloves to avoiding skin contact. These are necessary health precautionary
considerations when using the commercial available NANO REMOVERTM PG SU-8
from MicroChem [128]. Self clamping tweezers were used to clamp the edges of the
sample and immersed in a beaker containing the remover at 80◦C. To reduce the
possibility of redeposition of removed resist, a two-bath system is used. The first
bath removes the bulk of the resist and the second, cleaner bath removes remaining
traces of material. Mechanical or ultrasonic agitation will enhance physical transport
of swollen/dissolved resist away from the substrate, speed up the removing process,
and increase the number of removed structures. Since the flash point of REMOVER
PG is about 88◦C, it may be used at temperatures up to approximately 80◦C using
routine procedures specified for combustible liquids. However, despite this relatively
complete procedure, 100% removal of the cross-linked SU-8 is still not reproducible.
Figure 3.30 indicates that the remover first attacks the interface between the plated
structures and the resist, i.e. the remover does not completely dissolve the SU-8, but




Figure 3.30: SEM images of the interface between a 10µm SU-8 pillar and 2 µm
high nickel structures plated from the SU-8 patterns. Inset is a close view of a nickel
structure with removed SU-8.
has become spent or loaded with resist, it is necessary to replace it with a 2nd bath
to increase bath yield. Remover baths should be changed when removal rate drops
significantly and may be measured by the number of removed SU-8 pillars. A third
water miscible solvent (e.g. IPA bath) serves as a final solvent rinse prior to deionized
water rinse and drying.
Removing the SU-8 resist is a time consuming process, and in some cases we
additionally placed the sample on hot plate at 300◦C for several hours to burn out
the remaining resist. Using this approach it can still take up to 3 days to clean
the stamp completely. Although, the most effective temperature for SU-8 removal
is approximately 600◦C, which is not suitable because it weakens the electroplated
stamps. Figure 3.31 shows a nickel stamp consists of a 50µm(width) × 50µm (height)
× 2cm (length) ridge on its surface which is fabricated by the microstamp fabrication




Figure 3.31: SEM images of a nickel microstamp plated from SU-8 mold.
and chemical etching requiring 2 days, and as the SEM images show, the stamp is
finally clean.
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3.7 Next Generation Stamps by Metal-on-Metal
Plating (Father-Mother-Son)
The final high quality master stamp is considered the most strategically critical re-
quirement for stamp/imprint technology. In order to protect the original high quality
master, a process of so-called father-mother-son has been used, where the initial mas-
ter is plated to create an intermediate metal structure called a mother, which is then
used to create a final metal master called a stamper (son). The stamper, an exact
replication of the metal master, is the end product which can then be used for imprint-
ing. For replication of low aspect ratio structures stamp, we use a process borrowed
from the CD industry consisting of chemical surface passivation and metal on metal
plating. In the first stage of production, the master is subjected to a wet chemical
process to lower its surface energy and therefore its adhesion. The recommended
chemicals available for this purpose are listed in table 3.6.
For our purpose we chose the relatively safe H2O2 diluted to a concentration of
35%. The stamps were dipped into a beaker which contains the diluted H2O2 for
1min, and rinsed with deionized water. After chemical treatment, the stamp was
plated using the same parameters as for the microstamp fabrication. Figure 3.32
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Figure 3.32: (a) SEM images of the master stamp which is a 50 × 50 µm2 × 2cm
Ni groove obtained after PBW of SU-8 resist(father). (b) SEM images of the repli-
cated stamper (mother) which shows a high quality replicated stamper with negative
features.
shows the SEM images of the original stamp and the replicated structures. The
SEM images show high quality replication with smooth straight vertical side-walls
and sharp edges similar to the master showing a negative precise geometrical replica-
tion. Figure 3.32(b) shows a high magnification of the surface of the master and its
replicated stamper.
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3.8 Mechanical Characteristics of the Nickel Stamps
3.8.1 Hardness
Nanoindentation measurements have been used to characterize the hardness of the
stamps. Due to the small dimensions of the ridges, nanoindentation measurements
were performed away from the stamp ridges over an adjacent Ni plated area of 100
× 100 µm2, using a UMIS-2000H nanoindenter with a Berkovich indenter tip [173].
Hardness and Young’s modulus of 5GPa and 213GPa were obtained respectively which
is consistent with the previously reported values [2, 3, 174] for nickel plated structures.
Stamp hardness depends on different factors such as bath composition, current
density, temperature, and plating process [5]. Hardness represents the resistance of




where Pmax is the applied pressure. Young’s modulus represents the elasticity of the







Table 3.7 shows the hardness comparisons of the plated structures obtained by
nickel watts bath solution, nickel sulfamate bath solution, and the metal-on-metal
plated by nickel sulfamate bath solution (the mother stamper). Every measurement
was an average of five tests. In these measurements, the recorded load and depth of
penetration form the load-displacement curve, which is then used to derive Young’s














Table 3.7: Hardness and young modulus measurements of the plated stamps with
nickel watt bath and nickel sulfamate bath. The literature values are from [2, 3].
is strongly dependent on the plating conditions such as plating current density, pH,
temperature, agitation, additives and the bath composition. Since we have used an
industrial nickel sulfamate electroplating system to fabricate our stamps, we assumed
that the plating conditions such as bath composition, pH, and temperature are at their
optimum values. Therefore, we only investigated the influence of the plating current
density on the hardness. The uniformity of the height of the plated structures with
different cross-sectional areas is dependent strongly on the flow characteristics. For
nanosize features, the electrolyte is at low Reynolds number flow and the dominant
material transport mechanism is diffusion. Therefore, if the plating is at low current
density, the differences in the materials transport due to different diffusion constants




























Figure 3.33: Hardness of the electroplated nickel in nickel sulfamate bath solution
versus current density.
cross-sectional areas in the large Reynolds number regime, the dominant transport
mechanism is both diffusion and convection.
Furthermore, we have shown that the hardness and intrinsic stress of the plated
structures are strongly dependent on the plating current density. A low intrinsic stress
is necessary to prevent the plated structures distorting. Depending on the current
density, compressive as well as tensile stress can occur. This is due to the hydrogen
diffusion into the plated structures, which increases with increasing current density.
The hydrogen bubbles occupy small volumes inside the plated structures so that at
these locations nickel will not be deposited. After removing the structures from the
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plating system, the hydrogen bubbles will be released and pores will remain in the
nickel structures which lower the hardness and also produces intrinsic stress inside the
structures. In a similar stable plating conditions, we carried out a series of plating
experiments at different current densities. As shown in figure 3.33 at low current
density (10mA/cm2) the hardness is the highest value measured 5GPa, whereas by
increasing the current density, the hardness decreases towards an equilibrium value
of ∼3.5 GPa from the initial value of∼5 GPa at 70 Pa load with increasing current
density.
3.8.2 Side-wall Smoothness (RMS)
A high quality stamp exhibits smooth, straight side-walls with sharp edges and precise
geometry, ideal characteristics for imprint applications. High quality imprint litho-
graphy is strongly dependent on the frictional forces at the interface of the stamp
and the polymer microstructures, which in turn is dependent on the side-wall rough-
ness and the side-wall angles of the stamp features. The imprinted structures will
be destroyed if the frictional forces become larger than the local tensile strength of
the polymer. Therefore, in the master fabrication process, measuring and optimizing
the lithographic parameters to insure a minimal side wall roughness together with
vertical smooth sharp edges is important. Calculations and previous measurements
indicate a side wall angle of better than 89.3◦ for proton beam writing [130]. SEM
images of a 2µm height electroplated raised platform on a nickel base over an area of
50 × 50 µm2 indicate nearly vertical straight and smooth side-walls with sharp edges
(see figure 3.34).





Figure 3.34: SEM micrograph of a 2µm raised platform on a nickel base plated over
an 50 × 50 µm2 area. The RMS roughness of the top, side-wall, and base surfaces
have been measured using AFM.
surface, side-walls and base) was measured using atomic force microscopy (AFM). The
top surface of the plated structures (in contact with the gold seed layer) indicates a
RMS roughness of 2.26 nm, whereas the base surface replicates the smoothness of the
second metallization layer on top of the resist and has a RMS roughness of 0.8 nm.
Considering the fact that the grain size of the Ni sulfamate solution is more than
1µm, we can conclude that the smoothness of the electroplated structures follows the
smoothness of the underlying structure.
In order to measure side-wall roughness of the plated structures, a 50 × 50 µm2
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area of 20µm thick negative SU-8 resist spun on Au(200nm)/Cr(20nm)/Si was irradi-
ated by a 2 MeV proton beam. After developing the unexposed areas, the structure
was plated using the conditions described previously, and the remainder of the SU-8
was removed. The structure was fabricated over the edge of the wafer so that after
removing the exposed SU-8, the plated sidewall is accessible from the side of the
sample. A surface roughness of RMS∼7nm was measured over an area of 2 × 2 µm2
by AFM using a Nanoscope III (Digital Instruments) equipped with a silicon tip and
operating in the tapping mode.
Chapter 4
Applications of Nickel Stamps for
Nanoimprint Lithography
In this chapter we describe some applications of our fabricated nickel stamps for
nanoimprint lithography. The patterns on the stamps were either elevated features
over a large recessed surface (positive relief patterning) or recessed features within a
large elevated surface level (negative relief patterning). These definitions are consis-
tent with the literature [175]. The details of the fabrication process have been pre-
sented earlier. Here, we only discuss about the application of positive nickel stamps
for NIL. The polymeric substrate used in our study was PMMA with two different
molecular weights: 1) high molecular weight (Mw∼3×106 g/mole) in the form of solid
sheet, and 2) low molecular weight (Mw∼950000 g/mole) in liquid form spin-coated
onto Si wafers.
4.1 NIL (Rheological Issues)
Imprint lithography requires three basic components: 1) a stamp with micro and/or
nano-size features on its surface. (2) The material to be imprinted, either a bulk
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Figure 4.1: Schematic of nanoimprint process (left) and of temperature-pressure cycle
with typical process parameters for polymers (right).
polymer or a thin layer of spin-coated polymer with a thickness of few microns down
to nanometer size. The polymer should have a suitable glass transition temperature
Tg and molecular weight Mw (3) the nanoimprinter for imprinting, with adequate
control of temperature, pressure, and an imprinting mechanism to align the stamp
and substrate for uniform pressure and temperature distributions.
In a typical NIL process, a stamp is pressed against a polymer substrate at pres-
sures as high as 30 bar to 100 bar and temperatures as high as 90 to 100◦C higher
than the glass transition temperature of the polymer (T ' (90-100) + Tg) to de-
form the polymeric substrate (see figure 4.1). The imprint temperature and pressure
are dependent on the deformation behavior of the polymer. Figure 4.2 illustrates
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Figure 4.2: Typical deformation behavior of thermo-plastic polymers as a function of
temperature.
a typical deformational behavior of a thermoplastic polymer as a function of tem-
perature. Below Tg the polymer deformation obeys Hooke’s law and is elastic with
an almost constant Young’s modulus ('3×109 Pa for PMMA); any deformation is
reversible [176]. At temperatures above Tg, the local effects of the polymer chains
dominate and beyond a limit a relatively large deformation occurs (rubber-elastic
state). During a further increase of temperature, the viscous flow state is reached
where the entire polymer flows and the deformation is non-elastic and irreversible.
NIL is operated around this higher temperature range, called the flow state region.
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4.2 Theory of Squeeze Flow
Polymer flow during imprinting can be treated as a squeeze flow where the polymer
is compressed between two disks (the stamp and the polymer) forcing out the incom-
pressible fluid between them. If we consider the stamp as a circular disk (2 inch or
4 inch wafers) with a radius R, the applied external force of F(t) in the z-direction
squeezes the polymer and flows in the x-y plane. Let us assume that F(t) moves
the stamp and the bottom plate toward the center point at a velocity of U(t)(see








where µ is the fluid viscosity. The boundary conditions are ∂Vr
∂z
= 0 at z = 0, and
Vr = 0 at z = H (assuming that the flow at the boundary of the disk is radial and in
the central regions are uniform).
If we assume that we have a symmetrical flow along the z-axis, then the flow in
all directions in the x-y plane is radial or Vθ ' 0. Since the polymer flows to fill the
stamp cavities with micron size and nano size features on its surface, the flow can be
considered as low Reynolds number flow
Re = H0U0/µ l (4.2.2)
where 2H0 is the initial separation and U0 is the initial velocity (which is the maxi-
mum velocity). If we integrate eq 4.2.1 twice and apply the boundary conditions to
calculate the constant of the integral, we obtain the following relation between the





















Figure 4.3: Squeeze flow. A force F(t) applied to each of two disks causes them to
move together at velocity U(t), squeezing out the fluid between them.
The continuity equation ∇·V = 0 together with the boundary conditions of Vz = 0 at










assuming the pressure is independent of z, P=Pr=Pr(r,t) and the polymer flow Vz
is only in z-direction, we can solve the continuity equation using the separation of
variables ∂P
∂r



















If we consider that the pressure outside the stamp is zero, we can set P=0 at r=R.
Therefore:







Substituting P(r,t) we can obtain the following relations for the radial and the vertical
polymer flow Vr, and Vz





















Integrating the pressure over the stamp area gives an exerted force of:
F (t) = 2pi
∫ R
0






We should remember that at the beginning of the imprinting process the contact area
between the stamp and the substrate is only with those features which protrude from
the surface of the stamp (i.e. positive stamps). To obtain the total imprinting time
































This expression indicates the strong influence of R or the stamp protrusion areas on
the imprinting time, tf∼ R4 using a constant force. Therefore it is important to take
into account the area of the features on the surface of the stamp in contact with the
substrate in order to design the stamp to achieve a faster imprint lithography.
4.3 Important Factors Influential on NIL process
There are a couple of important factors which play major roles during nanoimprint
lithography. Here we discuss the influence of polymer molecular weight, and polymer
viscosity, which influences the deformation behavior of polymers. For high molecular
weight polymers the melting point is independent of molecular weight [176]. For
example for PMMA, the molecular weight of one repeat unit is 100, and therefore
both the 50k and 950k g/mole molecular weight types are well above the unit Mw
and therefore have the same melting point. The glass transition temperature, Tg,








where T∞g is the glass transition temperature for infinite molecular weight polymer,
and k is an empirically determined constant (∼2×105 for bulk PMMA) [176]. From
this relation, the glass transition temperature of two different PMMAs with differ-
ent Mw would be expected to differ by ∼5◦C. For large molecular weight PMMAs,
the melting and glass transition temperatures have been reported to be ∼160 and
∼115◦C, respectively [176]. For other polymers such as poly(benzyl methacrylate)
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with Mw∼70k g/mole, Tg is 54◦C and for poly(cyclohexyl acrylate) with Mw∼70k
g/mole, Tg is 50
◦C. This indicates that the low molecular weight polymers have lower
Tg and therefore could be imprinted at low temperature.
The polymer viscosity, which affects the polymer flow, is another influential factor








)3.4 (Mw > Mc, entangled molecules)
(4.3.2)
where Mc is the so-called critical molecular weight which is the molecular weight of
the highly entangled polymer network and ηc is the Newtonian viscosity at the critical
molecular weight. This shows that low Mw polymers can flow better than high Mw
polymers. However, if MW< Mc the absence of a network of entanglements may lead
to very brittle imprinting features which can be broken easily during the demoulding
step.
Polymer viscosity also depends on temperature. At flow temperature Tf , the
polymer viscosity can be described by the Williams-Landel-Ferry equation [177]:
logη(T ) = logη(Tg)− C1(T − Tg)
C2 + (T − Tg) (4.3.3)
where C1 and C2 are 17.44 and 51.6, respectively. As it can be seen the lower Tg
polymer has lower viscosity [178] which is more desirable as the imprinting process
can then be done at lower temperatures.
In conclusion, we can see that for good NIL, the choice of polymer should exhibit
suitable Tg and Mw which after imprinting, has the correct mechanical strength to
withstand mold-substrate separation. Polymers with low Tgs are not necessarily suit-
able for NIL process, since the imprinted patterns tend to be unstable and deform at
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temperatures even near to room temperature [179]. Other option is to use polymers
that can be hardened during thermal processing, e.g. thermo-curable or thermoset-
ting polymers, which could be an excellent choice for low temperature NIL. However,
these polymers usually are made from epoxies which are difficult to delaminate from
the stamp surface after imprinting. There are also some other activities to make ther-
moplastic imprinting polymers suitable for low temperature nanoimprint lithography.
Jung et al used a solvent to dissolve a polymer in its monomer solution while doing
NIL [180]. Lee et al have developed a room temperature NIL based on incorporating
solvent into the polymer which evaporates gradually during NIL. The evaporation is
through a polydimethylsiloxane (PDMS) stamp which is transparent to the solvent.
Using this technique, a pattern replication with high fidelity at room temperature
and a pressure of less than 1N/cm2 has been achieved [80]. The drawback of this
technique is the relatively long time (∼10 min) required for the solvent to evaporate
completely through the PDMS stamp.
In our study, we used 2 × 2 cm2 nickel stamps fabricated by p-beam writing and
nickel electroplating in a thermal-based NIL process. The results presented here are all
obtained from two types of PMMA: a high molecular weight PMMA (3×106 g/mole)
in sheet form, and Mw 950k g/mole PMMA spin-coated on 2 inch wafer. In this study
we used a commercial nanoimprinter (Obducat Technologies AB, NIL-2-PL 2.5 inch
nanoimprinter). The process is accomplished by first heating the stamp and PMMA,
clamped together between the flat stamp and the perfectly flat bottom surface at a
temperature of 190◦C, which is higher than the glass transition temperature of the
PMMA. The stamp is then compressed against the sample with a relatively large force
(typically more than 20bar) and held there until the temperature dropped below or
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around the glass transition temperature. Immediately after release of the pressure,
the stamp is mechanically delaminated. Our investigations focused on improving
the mechanism of imprinting, through adjustments to the magnitude of pressure
and temperature, the steps used in imprinting cycle, vertical imprinting, parallel
imprinting, and the stamp back-surface planarization.
4.4 Anti-Adhesion Agent for Nickel Stamp
Although our stamps used for nanoimprinting typically have a low density of nanos-
tructures on its surface, in real applications we could have stamps with high density
nanofeatures. This effectively increases the total contact surface area between the
stamp and the polymer substrate, which leads to higher adhesion between the im-
print polymer and the stamp. To lower the adhesion the general approach here is
to change the surface state from hydrophilic to hydrophobic. Several methods have
been used, such as plasma deposition of fluropolymers [181], surface treatment in
NH4F or HF, deposition of Nobel metals such as Ti by pressurized vapor deposi-
tion (PVD), supercritical CO2, and finally the most widely used method of applying
molecular films typically hydrocarbon or fluorocarbon-based self-assembled mono-
layers (SAMs). Initial experiments were performed on trichlorosilane-based SAMs,
namely 1H,1H,2H,2H, perfluorodecyltrichlorosilane. These monolayer systems reduce
the surface energy and eliminate the microstructures stiction [182, 183]. The silanal
group molecules can be deposited on the surface of the stamp either in liquid phase or
in vapor phase. The liquids are dangerous and the process needs to be carried out in
a safe and clean environment within a dry environment (such as N2 gas), because the
SAMs are very sensitive to ambient humidity and react with moisture immediately
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leads to polymerization. As a consequence, the chemicals must be freshly made and
appropriately conditioned before each coating. We performed the process in a glove
Figure 4.4: (a), (b), and (c) are SEM images of a stamp treated with a liquid anti-
adhesion 1H,1H,2H,2Hperfluorodecyl-trichlorosilane 96%. The anti adhesion poly-
merized stuck on the sidewalls and was difficult to remove.(d) SEM image of a particle
like kinked polymer segment distributed over the surface of the stamp.
box with an air lock for loading the samples. The system can be evacuated and filled
with nitrogen to a 2 atm pressure. The vacuum removes the humidity, and the pres-
surized dry nitrogen environment prevents contamination inflow, degassing and chem-
ical evaporation. The stamp was treated with FDTS (1H,1H,2H,2H-perfluorodecyl-
trichlorosilane 96%) anti-adhesion agent 1. The SEM images of the treated stamp
1www.lancastersynthesis.com
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shows that the anti-adhesion agent in liquid phase was polymerized and stuck to
the side-walls (figure 4.4 (a), (b)). This chemistry related limitation arises from the
ability of the precursor molecule to polymerize clusters which is difficult to remove
once they have agglomerated on the surfaces of the stamps. This means the control
of the polymerization process which is strongly affected by humidity is quite impor-
tant (for more explanations refer to reference [183]. Other approaches can be used to
mediate polymerization by making the surfaces reactive, and thereby avoid particle
formation altogether[184]. We have left this for future work. Figure 4.4 (d) shows a
close view of the kinked polymer segments over the surface. These are the particles
stuck to the side-walls of the stamp ridges 4.4 (c). A more uniform distribution of
the anti-adhesion layer can be obtained by providing a smoother substrate [183].
4.5 Imprinting of Microchannels
Imprinting using stamps with micron size features presents new difficulties when com-
pared to shallow imprinting. We have carried out a series of imprinting tests using
the fabricated nickel micro-stamps in order to understand the flow behavior and the
filling of micron size structures on the surface of the stamp and then optimizing the
imprinting process. We performed imprinting at various pressures in the ranges of 20
to 50bar, and at different temperatures in the range of 140◦C to 190◦C, and holding
times of 60s up to 20 minutes. After separation of the stamp and the substrate the
imprints were inspected with an optical microscope and a scanning electron micro-
scope. The effect of process parameters on the quality of pattern transfer have been
studied. The first stamp used in our study consisted of a single long micron size ridge
with dimensions of 50µm(width) × 10µm(height) × 2cm(length). The first step was
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to determine the required pressure and temperature for the PMMA to completely
fill the stamp features using a constant imprinting time of 2min. The typical results
for pressures of 20, 30, 40, and 50 bars at temperatures of 140, 160, and 190◦C are
shown in figure 4.5. Our observations indicate that the pressure is a more influential
factor compared to temperature in the imprinting process. The SEM images of the
imprinted structures in figure 4.5 show that around 20 bar, the depth of the imprints
are substantially reduced.
To explain the way the stamp is filled, a schematic diagram illustrating the flow
behavior of the polymer during imprinting process is presented in figure 4.6. If the
contact area between the stamp and the resist consists of the patterns located only
in the central regions and surrounded by a large unstructured area, then most of
the polymer from the unstructured borders flows toward the central regions to fill
the structures in a sequential order row by row from the outside toward the center
as shown schematically in figure 4.6(a). But, if the stamp is mostly covered with
structures distributed all around its surface, the area contributing to the filling of
the stamp is the contact area between the surface of the structures of the stamp
and the resist. In this case, the polymer flows out of the areas below protruding
structures to fill the volume between the structures in a way that it fills the walls
of the structures and moves in an upward direction. Since we assumed that the
structures are distributed all over the stamp/mold, the flow results in simultaneous
filling of all the cavities between the protruding structures on the surface of the stamp
(figure 4.6(b)).
Equation 4.2.10 shows that for a constant applied force, if the areas of the stamp
protrusions increase, the imprinting time will increase with power 3 of area (tf=(areas)3).
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But this is when the stamp consists of large number of structures. In fact the success
of an imprinting process depends on the type of the structures [185]. We have used a
stamp consisting of a single raised platform with 50 × 50 µm2 area and 2µm high on
nickel base (see figure 4.7(a)). The stamp has been used for imprinting in a PMMA
sheet. The imprinting was done at 190◦C using 50 bar pressure for 10s followed by
release at 110◦C. Figure 4.7(b) shows the replicated reservoir into PMMA with 2µm
depth and smooth vertical side-walls and sharp edges similar to stamp.
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Figure 4.5: SEM images of the imprinted structures in thick PMMA sheet at different
pressures and temperatures.
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Figure 4.6: Schematic representation of polymer flow during imprinting for different
stamp geometries. (a) is when the stamp area is smaller than the polymer area. (b)
when the stamp and the polymer have comparable areas.
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Figure 4.7: (a) SEM micrograph of a nickel stamp with 2µm high raised platform on
nickel base and 50 × 50 µm2 area. (b) SEM micrograph of the imprinted pattern of
the stamp shown in part (a) into a thick PMMA sheet.
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After the above study, we carried out some tests on imprinting of microfluidic
channels in PMMA. Figure 4.8(b) shows SEM images of an imprinted long mi-
crochannel in a thick PMMA. The stamp used for this imprinting consisted of a
ridge with dimensions of 10µm×50µm×2cm which is illustrated in figure 4.8(a).
The stamp was fabricated by p-beam writing on a 10µm high SU-8 resist spun on
Au(200nm)/Cr(20nm)/Si wafer. The imprinting cycle consisted of heating up the
stamp and PMMA to a temperature of 190◦C and then applying a pressure of 50
bar maintained for 5 min, and then releasing the stamp after cooling down to 110◦C.
The SEM images indicate a successful imprinting of the microchannel with complete
filling and sharp, vertical, and smooth edges similar to the stamp ridge. Every time
we used the stamp, in order to clean the stamp after imprinting, as described before
we immersed the stamp in Toluene at 40◦C for 30min. One problem here we had was
bending of the stamp during imprinting. Our observations indicate that this can be
prevented by either using a thick rigid stamp with more than 500µm base area thick-
ness or by placing the stamp on the bottom rigid plate facing up and then placing
the polymer on top. Using Al foils on top of the polymer to stabilize and clamp the
polymer, the stamp-polymer set is sandwiched between the bottom hard plate and
the top membrane.
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Figure 4.8: (a) SEM images of a nickel stamp used to test the imprinting process.
The stamp fabricated using SU-8 resist spun on Au/Cr/Si substrate. The stamp
consists of a ridge of 50µm(width) × 10µm(height) × 2cm(length) on nickel base,
and remained with high quality even after being used for 9 times. (b) SEM images
of a microchannel with 50µm × 10µm × 2cm imprinted in thick PMMA sheet using
the stamp shown in part (a).
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4.6 Imprinting of High Aspect Ratio Nanochan-
nels
Due to unique capability of proton beam writing which can fabricate stamps with high
aspect ratio sub-100nm features on its surface, application of these types of stamps
for nano-imprint lithography is a new area of research which need to be explored.
It can be expected that any non-parallelism between the stamp and substrate, in-
accurate positioning, or misalignment can introduce side forces which leads to damage
to the high aspect ratio nanofeatures of the stamp or imprint patterns. To minimize
these effects, there are several factors related to the stamp characteristics and mechan-
ical stability of the nano-imprinting system which need to be optimized. Figure 4.9
shows schematically these important factors in high aspect ratio NIL. As schematic
diagrams of figure 4.9(a), and (b) illustrate the flatness of the stamp is one of the
significant characteristics of the stamp to obtain a co-parallelism between the stamp
and substrate for complete non-distorted pattern transfer. If the stamp is not per-
fectly flat there will be some areas where there is no contact between the stamp and
the substrate and some areas with contact. Therefore, part of the structures will not
be transferred during the imprinting process. Using a non-flat stamp, the applied
pressure can produce side-forces which can lead to pattern distortions as well. In
addition, a flat stamp produces a uniform pressure over the substrate surface which
avoids built-up of air bubbles at the stamp-substrate interface [186]. And finally, a
flat stamp is ideal to reduce any side forces and imprint in a vertical direction parallel
to the side-walls of the structures which is crucial for high aspect ratio features.
Here, we should mention that stamp flatness is different from stamp smoothness.






Figure 4.9: Important factors affecting the pattern transfer in NIL. (a), and (b) are
indicated schematically the stamp non-flatness issue which is due to intrinsic stress
of the electroplated structures. (c), and (d) are indicated schematically the parallel
and vertical press issues.
characteristic which is defined over large area. In our Obducat nanoimprinting system
the stamp and the polymer substrate are sandwiched between a top membrane surface
and a bottom flat rigid plate. Since the imprinter uses an Al membrane at the top,
the stamp need to be flat but not necessarily have to be very smooth.
Because NIL process involves physical contact between the high aspect ratio fea-
tures of the stamp and the polymer substrate, any inaccuracy in the surface paral-
lelism and orientation of the imprint template and substrate can produce side forces
which lead to breakage of the stamp features and pattern distortion (see figure 4.9(c)).
For example, in figures 4.10(a),(b) we used a non-flat stamp for nanoimprinting. The
substrate polymer in this experiment was a PMMA sheet. The imprinting was done
at 190◦C and 50bar for 5min. Then, the pressure was released after cooling down just
below 110◦C. The SEM images show an imprinted reservoir with 100 × 100 µm2 area
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2µm deep. The patterns are slightly shifted towards the left indicating a side force
in that direction. Despite the pattern distortion, the side walls of the reservoir are
smooth and vertical with smooth top and bottom surfaces and edges. The reservoir
is uniform and 2µm deep similar to the stamp. This indicates the significance of the
stamp flatness in NIL process.
Figure 4.10: SEM images of the pattern shifting in the imprinted structures. (a) an
imprinted reservoir with 100 × 100 µm2 area 2µm deep in thick PMMA sheet (b)
the inset is a high magnification SEM of the side walls of the reservoir which shows
a slight pattern shifting. The SEM image indicates that the side wall of the channel
is distorted thereby leading to an increase in the channel width.
Another factor is to imprint and delaminate the stamp into the polymer in a
vertical direction which is necessary to minimize the pattern distortion during NIL
(see figures 4.9c, and d). Non-vertical imprinting or demoulding can break the stamp
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features and can damage the imprinted patterns. Figure 4.11 shows a SEM image
of a stamp and its imprinted channels in a PMMA sheet. The stamp consists of
parallel ridges from 150nm to 200nm widths, 2µm high connected to 50 × 50 µm2
platforms on a 80µm thick nickel base. The replicated patterns are parallel channels,
2µm deep featuring a minimum width of 250nm, connected to 50 × 50 µm2 reservoirs.
The imprint cycle consists of TH= 190
◦C, P=50bar held for 5 min, cooling down to
TC=100
◦C followed by release and delamination of the stamp. Figure 4.12 (a) shows
a close view of the stamp and its resulting imprinted structures which is shown in
figure 4.12 (b) into thick PMMA sheet. The results indicate relatively smooth top
and bottom surfaces and relatively straight vertical side-walls with the depth of 2µm
similar to stamp ridges, and relatively sharp edges. The stamps in this case were
back polished and the imprinting was done with a flat back surface. Also, the area
of polymer substrate was slightly smaller than the area of the stamp, which makes it
easier to separate the polymer from the stamp.
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Figure 4.11: SEM images of the stamp and imprinted structures into thick PMMA
sheet. The stamp consist of parallel ridges from 150nm to 200nm width 2µ high
which are connected to 50 × 50 µm2 platforms on a 80µm thick nickel base. The
replicated patterns are parallel channels, 2µm deep featuring a minimum width of
250nm, connected to 50 × 50 µm2 reservoirs.
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Figure 4.12: A close view of the stamp features (a) and their imprint structures
(b) into a thick PMMA sheet. The overview of the stamp shown in figure 4.11. The
crakes on the surface is due to the sputtered gold layer used to make the resist surface
conductive to obtain clear SEM images.
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The next experiment we carried out was to imprint into a very flat polymer sub-
strate such as a spin-coated PMMA resist on flat silicon wafer. This improves the
uniformity of the applied pressure and reduces the side forces. Figure 4.14 shows an
imprint of the Ni stamp in 8 µm thick PMMA spin-coated on a silicon substrate. The
silicon substrate in this case keeps the polymer in flat contact with the stamp during
NIL. The back side of the stamp was polished and flattened. Since the stamp consists
of 100nm ridges 2µm high, any side force during delamination plays a very critical
role in either the pattern distortion or the stamp feature breakage. While a flat thin
polymeric substrate compared to a thick PMMA sheet improves the imprinting con-
dition substantially, our observations show that if during the cooling down process we
lower the pressure stepwise i.e. decreasing the pressure down to a certain point and
stop for a while and then lowering the pressure to zero, we can minimize the small
lateral movement between the stamp and the substrate. At pressures lower than 20
bar no imprinting occurs2, therefore we used this as an intermediate pressure. There-
fore, during the cooling down procedure we decreased the pressure down to 20bar and
stopped there for 20s before releasing the pressure (see figure 4.13). Upon separation
of the stamp from the substrate no damage either to the stamp or imprinted polymer
structures was observed and complete pattern transfer was observed. This shows that
using this process the movement between the stamp and the mold can be minimized
resulting in minimal pattern distortion. However, further investigations are necessary
to fully understand the process of stepwise releasing. An electron micrograph of the
imprinted pattern is shown in figure 4.14.
2According to our experimental results, at low pressures such as 20bar or less imprinting is
incomplete even if the temperature is high.
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Figure 4.13: SEM image of the pressure-temperature imprint cycle which was used
for replication of the pattern shown in figure 4.14.
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Figure 4.14: An imprint of the 2µm high Ni stamp in 8 µm thick PMMA spin-




Effect in PMMA Microfluidic
Channels Fabricated by PBW
5.1 Introduction
Electrokinetic pumping is widely used as the method of choice for fluidic trans-
port in the microchannels. Applying an external electric field to a polar liquid
in a microchannel produces a bulk fluid flow. This is called electrokinetic effect
[187, 188, 189, 190, 191, 192]. Most surfaces obtain a surface electric charge when
they are brought into contact with a polar medium, and the surface charge, in turn,
influences the ion distribution in the polar medium, which spontaneously forms a thin
electric double layer(EDL) at the interface between the liquid and the side walls of
the channel. The flow is the result of the electric field applied to the thin electrical
double layer. EDL can be described in terms of an electrical and a chemical con-
tribution. Of these the former is always repulsive: adsorption of positive ions, leads
to a positive potential, repelling newly incoming positive ions, while, the chemical
contribution is attractive, and this is the origin of the double layer formation. This
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charge separation forms an ionic layer whose charge density decreases exponentially
from the channel surface. The thickness of the double layer is determined by the op-
posing forces of electrical repulsion, chemical attraction (van der Waals), and thermal
diffusion (Brownian motion) and is on the order of the Debye length of the solution.
The potential drop associated with the outer diffuse portion of this double layer (slip
plane), known as the Gouy-Chapman layer, effectively depends on the surface physical
chemical characteristics of the polymer and is called zeta potential (ζ). An external
electric field applied along the channel exerts force on the diffuse ions of the dou-
ble layer and draws them toward the electrode with opposite polarity. This creates
a flow of fluid near the walls which transfers through convection to the rest of the
electrically neutral fluid, thereby resulting in a bulk flow of liquid. The electrokinetic
effect offers some advantages compared to other fluid transport techniques, including
a flat fluid velocity profile, a non-mechanical pulsation free flow, ease of operation,
parallel analytical processes, highly resolved separations, and small sample volumes.
Two pertinent parts of the electrokinetic effect are electroosmosis and electrophoresis.
Electroosmosis (eof) concerns the bulk fluid flow and electrophoresis (eph) concerns
the electric field driven motion of the charged species suspended in solution.
5.2 Electrokinetic Phenomena
To evaluate the electrokinetic effect in our microchannels, we restrict ourselves to
laminar flow with constant density and viscosity. The velocity may be determined
from the Laplace equation for the electric field and the Navier-Stokes equations for
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the fluid motion.
∇ · u = 0




where u is the fluid velocity, ρ is the density, ρe is the electric charge density,  is
the electric permittivity, η is the viscosity, and E is the electric field strength. If
we assume a fully-developed incompressible flow with no pressure gradient along the
channel, the time dependent term and the pressure gradient in the velocity momentum
equation (5.2.1) are ignorable. Thus the velocity can be obtained from the following
simplified Navier-Stokes equation:
η∇2u = −Exρe (5.2.2)







Figure 5.1: Geometry of the microchannel flow and the coordinate system. The
computational domain is indicated by the shaded region.
According to the electrostatic theory, the electrostatic potential, ψ(r), and the ρe,
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where ε is the liquid permittivity constant of the liquid and ε0 is the vacuum electric
constant. The relation between the local charge density and the potential distribution
inside the channels can be obtained by the Boltzmann distribution equation assuming
the system is in an equilibrium state with small Peclet number (see appendix A.0.4)





Where ni0 and zi are bulk ionic concentration and valance of type i ion respectively.
kb is the Boltzmann constant. The net volumetric charge density ρe is proportional





) = ze(n+ − n−) (5.2.5)
Equations 5.2.14, 5.2.3 were solved self-consistently by first obtaining the electric
potential and the net charge density at any point in the channel and then the elec-
troosmotic velocity. The simulation method was similar to the method used else-
where [190]. However, for 20mM phosphate buffer solution Na2HPO4 we have
Na2HPO4 → 2Na+ +HPO2−4








where a is the concentration of the phosphate solution (20mM). If we assume a value
of 10×10−3 M for Na2HPO4, the K value for the second reaction is very small.
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Therefore, the second reaction is ignorable, and most of the ions in the solution are
in the form of Na+ and HPO−4 . So for Na2HPO4, we obtain
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(5.2.7)












kbT − e− eψkbT ) (5.2.8)
Lets consider a rectangular microchannel of width 2W, height 2H, and length L
(fig 5.1). Assuming symmetry in the potential and velocity fields, we can solve the
equation only in a quarter of the channel with the following boundary conditions:{
at y = 0 ∂ψ
∂y
= 0
at y = H ψ = ζ
(5.2.9)
{
at z = 0 ∂ψ
∂z
= 0
at z = W ψ = ζ
(5.2.10)
ζ is the zeta potential which is the electric potential at the shear plane. The sheer
plane or slip plane (figure 5.2) is the boundary plane at the interface between the
compact layer and the diffuse layer of the EDL (for more explanation refer to appen-
dix A). The zeta potential can be measured using the method of current monitoring.
We consider only the mobile diffuse part of the EDL ends up at the shear plane as
the boundary plane. Therefore, we can solve the Poisson-Boltzmann equation in the










Figure 5.2: schematic diagram of electric double layer(EDL) and Zeta potential(ζ).































where κ is Debye-Huckle constant, and the reverse of that 1/κ is the characteristic
thickness of EDL. The boundary conditions are:
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A numerical finite difference scheme was employed to discretize the required dif-
ferential equations for calculating charge density and fluid velocity self-consistently.
The Gauss-Seidel iterative method with successive over-relaxation criterion were em-
ployed to converge the iterations quickly. Substituting the charge density ρe(r) into












kbT − e− eψkbT ))Ex (5.2.14)
Subject to the following boundary conditions
y = 0 ∂u
∂y
= 0
z = 0 ∂u
∂z
= 0
y = H u = 0
z = W u = 0
(5.2.15)
To transfer the velocity equation to non-dimensional formalism, we introduce the















2ψ∗ − e−ψ∗) (5.2.17)
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The corresponding non-dimensional boundary conditions are given by:
y∗ = 0 ∂u
∗
∂y∗ = 0










Once eq 5.2.12 for electric potential, ψ∗, and eq 5.2.17 for eof velocity are solved nu-
merically using finite difference numerical scheme with Gauss Seidel iteration method,
we can obtain the average electroosmotic velocity by integrating the velocity over the









5.3 Fluid Flow Rate and Particles Velocity Mea-
surements
To obtain information on the surface potential (zeta potential), flow rate and flow ve-
locity profile in our microchannels, a method involving current monitoring and digital
video microscopy has been employed. The former is for the flow rate characterization,
and the video microscopy is for particle velocity measurements.
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5.4 Micro-Particle Image Velocimetry (µPIV)
Micro-particle image velocimetry (µPIV) is a method using submicron size plastic
spheres immersed in a fluid to gain information on velocity fields and velocity pro-
file. The images of the electrokinetic driven microspheres seeded in the channels are
recorded using an optical microscope with an attached CCD camera connected to a
computer with frame grabber card interface. Successive images of the particles during
motion are separated by a small amount of time δt. The distance that the particles
have moved over δt is determined by comparing the two successive images. With
distance and time known, velocity vectors are then calculated. A schematic of the
experimental set up for µPIV experiments is shown in figure 5.3.
In this experiment, the CCD camera was connected to a monitor and video
recorder assembly set up to monitor, image and record the particles motion simul-
taneously. The particles were monitored directly instead of using laser light and
florescent tagged particles. This prevents significant increase in electroosmosis flow
by the influence of fluorescent tagged spheres reported recently [193]. An Olympus
IMT2 microscope with a 150× magnification and N.A. (numerical aperture) 1.2 oil
immersion objective lens was focused directly from top into a sealed microchannel.
The microchannel top seal (100µm) was thick enough for the solid sheet to stand on its
own and thin enough to view the microspheres directly at high magnification using the
microscope. The PMMA was the same type as the imprinted microchannel PMMA
(i.e. the same molecular weight of 3×106MW Ro¨hm, Germany). The measurements
were done using a microchannel with 50µm(width)×20µm(depth)×2mm(length) di-
mensions. Video images were recorded in analog form in VHS format. The flow










Drop of solution 
with microspheres
PMMA





Frame grabber analog video stream 
to digital images 9E+6 A/D per sec
Video
Figure 5.3: Schematic of the µPIV setup showing power supply, oil immersion ob-
jective, CCD camera, computer with frame grabber, microfluidic test section, and
magnifying lens.
across the channel. By applying different electric fields with different magnitudes and
direction it is possible to view the change, and the velocity and the direction of the
motion of the microspheres. The draw-backs of direct microscopy were: the necessity
of sealing the channel with a thin top lid, and the difficulty of taking a sharp video
recording from high speed particles moving fast due to higher values of applied elec-
tric field (more than 15V/mm). Figure 5.4 shows the top view of a video micrograph
frame of colloidal particles moving inside a sealed microchannel under the influence
of the external electric field. The recorded video file was transferred to a series of
single frame micrographs using the computer program adobe photoshop. Although
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Figure 5.4: A video micrograph of 0.5µm polystyrene microspheres (Molecular
Probes).
the goal of performing the µPIV was to obtain a sequence of pictures of how the fluid
moved as it enters the channel and to determine the flow rate and the flow profile,
some complications arose which made determining this information difficult.
The first problem was that the spheres stuck to the walls of the channels. This
shows an induced positive surface electrostatic potential attract the spheres to the
negative walls. The reason we believe the walls are negatively charged is due to
electroosmosis flow direction (explained later in section 5.5). In order to characterize
the surface charge of the spheres, we used the method of Laser Doppler Velocimetry
(LDV). Here we apply a voltage across a capillary cell and measure the speed with
which the particles move relative to the liquid it is suspended in, under the influence of
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an electric field. The particles move with a characteristic velocity which is dependent
on: 1)The applied field strength 2)Resistivity of the solution (dielectric constant)
3)Viscosity of the solution 4) Zeta potential. By measuring the particles velocity in a
unit electric field, we obtain electrophoretic mobility which then can be converted to
the zeta potential. Since the zeta potential is the electric potential of the particles as
seen by the their environment, we can characterize the charge state of the particles. In
LDV, parallel laser beams illuminate a capillary cell with particles moving back and
forth inside under the influence of an oscillating applied electric field. The scattered
light whose intensity fluctuates with a frequency that is related to the particle velocity
is compared to the reference incident light to determine the doppler shift of the
scattered light. The doppler shift depends on the particle’s velocity which in turn
is related to zeta potential. By moving the particles back and forth in a very fast
oscillating electric field the eof velocity is minimized and only the particle velocity
(eph) is characterized. Figure 5.5 shows the measurements which have been done by
this technique, on particles 0.6µm size suspended in two different solution (phosphate
pH=7 and Borate solution pH=9). The particles were mixed with these solutions in
a big container and then they were injected into the LDV system through a 1mm
diameter microtube using a syringe. As it is illustrated, an increase in pH changes
the zeta potential (ζ) from negative to positive. The point of zero Zeta potential is
called the isoelectric point where the system is unstable.
According to our observations, near isoelectric point the system goes to instability.
This instability arises from the interaction of the spheres with the liquid through the
spontaneously produced electric double layer on the surface of the microspheres. The
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Figure 5.5: Zeta potential measurements of 0.6µm polystyrene microspheres utilizing
LDV system of Zetasizer-2000 Malvern Instrument, UK.
which leads to fluctuations. There are different ways to achieve a stable colloidal
system: one approach is to increase the pH to move away from the isoelectric point.
Another way is to increase the concentration of the spheres to absorb more liquid
ions and stabilize the charge distribution everywhere in the system. Since the pH is
characteristic of a buffer to keep the concentration constant convenient for bioanalysis,
we considered the second way by increasing the sphere concentration to an equilibrium
value to stabilize the system.
As mentioned previously, a problem arose because of the tendency of the spheres
to coalesce, and stick to the channel walls. The particles used contain sulfate surface
groups with negative charges to minimize the tendency of the particles to adhere to
the walls of the channels. Since, the coalesce happened some time after the experiment
started, one should start the experiment shortly after the spheres are introduced into
the channel. Figure 5.6 shows the captured images of particles coalescing at the
channel entrance which clogs the channel Experimentally, the highest concentration
of the spheres should be around 0.1%.




Figure 5.6: An optical image of (a) several microspheres moving inside a
50×50µm2×2mm enclosed PMMA microchannel and (b) coalesced polystyrene mi-
crospheres which are blocked the inlet of the microchannel at the position where the
microchannel is connected to the reservoir.
injected using a syringe equipped with 0.5µm diameter needle with a flat polished tip
which could produce a pressure-driven flow in the capillary. If the fabricated reservoirs
are large enough, such as 2mm diameter, the generation of any pressure gradient is
minimized. The channel here was 50µm(width)×20µm(depth)×2mm(length). To
process the results, we performed the analysis on the last 70 video frames in order to
be confident that the colloid system was stabilized.
The video frames were taken by focusing the microscope to the middle of a
50µm(width)×20µm(depth)×2mm(length) microchannel. When the colloidal system
was stable, the electric field was turned on and the spheres moving along the field
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direction were observable on the monitor. Video images of the particles were taken
when a constant particle flow velocity was observed.
Figure 5.7 shows a particle tracking velocity flow field from a series of 70 images
taken from the middle of a sealed 50×20µm2×2mm PMMA microchannel. In micro-
PIV, seed particle size must be small enough to follow the flow without disturbing the
fluid flow field, or clogging the channel. At the same time, the spheres should be large
















Figure 5.7: Particle tracking velocimetry measurements of 0.5µm polystyrene mi-
crospheres (Molecular Probes). The vectors display individual particle displacements
for 70 consecutive images. The time interval was 25msec. The seed particles were
surfactant free sulfate surface groups microspheres. The applied electric field was
30V/cm.
The microfluidic system is loaded onto our Olympus microscope equipped with
150× magnification oil-immersion objective lens with a numerical aperture (NA) of
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1.2 and 200µm working distance(W.D.) plus 2.5× eyepiece. The addition of a 2.5×
eyepiece provides a total system magnification of M= 190nm/pixel. Particle im-
ages were recorded using a Princeton Instruments Micromax cooled interline transfer
charge-coupled device (CCD) camera with a 1024×1024 pixel array and 12-bit readout
resolution with M=190nm/pixel. The measurement depth determined experimentally








For particles with the size of dp=0.5µm, NA=1.4, λ0=700nm for normal light, n=1.515(oil),
and Sinθ = NA/n, we obtain 2µm measurement depth. Our image processing sys-
tem was implemented in IDL 6.0, a programming language optimized for visual data
analysis [195, 196].
The applied electric field strength was kept 30V/cm to minimize the effects of
heat generation, and change of local electric conductivity causes by change of ionic
strength of the liquid. Figure 5.8 shows the current versus time measured by applying
constant voltages until the current drops to zero. At lower voltages the current stays
constant and uniform until the ions in the solution migrate from one reservoir to
another reservoir, upon which time the current drops to zero. At higher voltages
more than 150V/cm, the current moves to a maximum and then decreases to zero.
There are some transient spikes in the current which could be due sudden movement
of agglomerated ions which accumulate and migrate together. These results suggest
that the system is more stable at lower voltages.
The motion of the particles in the microchannel include components due to the
electrophoretic (eph), electroosmotic (eof), and Brownian motion (BM). The normal-






















Figure 5.8: Comparison of measured values of the current density vs time for the four
different applied voltages. At low voltages the current measurements show relatively
stable values typically around 0.5µA while at high voltages the current-time curve
shows an uprising trend as the buffer ions migrate from one reservoir to the another
one. This could be due to change of the conductivity as well as heat generation
leading to a field gradient and eventually current increase.
are shown respectively in figure 5.9(a) and (b). Using a Gaussian fit to each histogram,
the standard deviations for the direct and lateral displacements are measured to be
12.5µm/s and 5.5µm/s, respectively. The Gaussian distribution indicates that all the
particles have similar velocities in other words the flow is laminar with a flat profile
of parallel velocity vectors which is the characteristic of electrokinetic flow. In the
streamwise direction, the variation in particle displacements is due to both Brownian






































Figure 5.9: Normalized histogram of electrokinetic displacements for 0.6µm particles
in PMMA microchannel in the a) stream wise direction and b) spanwise or lateral
direction. The particles displacements in the streamwise direction are the sum of the
electrophoretic and electroosmotic components. The displacements over the measured
time interval are plotted on the abscissa.
direction the variation in the displacement should be solely due to the Brownian mo-
tion. The mobility obtained from figure 5.9(a) represents the total mobility and is the
sum of electrophoretic mobility and electroosmosis mobility. The mean total velocity










Then the total mobility can be obtained from µTotal = u¯Tot,exp/E. This is the total
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mobility which is a sum of the particle’s mobility (electrophoretic mobility µeph) and
the liquid mobility (electroosmotic mobility µeof )
µTotal = µeph + µeof (5.4.1)
Therefore, the mean electrophoretic mobility, µeph, is obtained by subtracting the elec-
troosmotic mobility (µeof ) from total mobility. The µeof is obtained by current mon-
itoring method explained in the next section. Considering µeof=1.4×10−4cm2/V.s ,
and µTotal=1.17×10−4cm2/V.s, then µeph is equal to -0.23×10−4cm2/V.s.
The particle diffusion constant, D, can be estimated from Einstein diffusion equa-
tion
x = (2Dτ)1/2 (5.4.2)
where x is in fact the root-mean-square distance traversed by a molecule during the
time interval τ with diffusion coefficient D. x is the variance of the Gaussian fit to
the lateral (Brownian) displacement 5.9(b) which yields a value of D=0.6 × 10−12
m2/s for the particle diffusion constant. This value can be compared with the value





which yields a value of 0.71 × 10−12 m2/s for dp=500µm microspheres immersed in a
dilute buffer solution with a viscosity near to water dynamic viscosity, η=0.001 kg/m3
at room temperature. Although the two values are of the same order of magnitude, the
experimental value is smaller than the value obtained from simple theory of Brownian
motion. Underestimation of the viscous effects can be the reason why the measured
diffusion coefficient is reduced. Also the Stokes-Einstein diffusion constant is for a
198
neutral Brownian sphere while our measurements were for charged spheres subjected
to electrokinetic force.
Assuming the electrophoretic component is independent of Brownian components,
the expected standard deviations in the streamwise and spanwise directions in the










where σB is the standard deviation of the thermal motion can be obtained from
eq 5.4.4b and the value of σeph using eq 5.4.4a which yields a value of a standard
deviation of 0.38 × 10−4 cm2/V.s.
5.5 Current Monitoring
The electroosmotic flow in the microchannels was determined using the current moni-
toring technique. The method is outlined in figure 5.10. The reservoirs connected via
a microchannel are filled with a buffer solution. Then the liquid in one of the reser-
voirs is removed and a similar buffer solution with a lower concentration (typically
%5 to %10 difference) is placed into the reservoir. By applying an electric field across
the channel, via electrodes place into each of the reservoirs, the lower concentration
buffer flows into the channel, and displaces the higher concentration buffer inside the
channel. When the lower concentration buffer fills the channel the conductivity of the
liquid is decreased and hence, the measured electric current through the microchan-
nel is decreased. This continues until the channel is completely filled with the lower
concentration buffer and then the current reaches to a constant value lower than the
beginning. Having the length of the microchannel and the time interval when the
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current change was taken place we can measure the bulk fluid flow rate (so called
average electroosmosis flow rate) inside the microchannel. The current monitoring
Computer controlled 
data acquisition 
software with A/D 







Figure 5.10: Schematic representation of the current monitoring system used to mea-
sure electroosmotic flow rate in a PMMA microchannel.
measurements were performed using a 50µm(width) × 50µm(depth) × 2.1cm(length)
enclosed PMMA microchannel connected to 2mm diameter reservoirs. The big size
reservoirs are to ensure a minimal electrolysis effect at the electrodes which desta-
bilizes the ionic strength of the solution and therefore the measured current. The
current vs. time data was recorded in 0.5 second intervals using a high precision
pico-ammeter controlled by a LabVIEW-based computer program. Three standard
buffers of phosphate, tris, and borate were chosen as the working fluid for current
measurements. The buffers were prepared at 20mM concentration and were diluted
to 18mM to obtain the lower concentration buffer. The microchannel and one of the
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fluid reservoirs were filled with 20mM buffer, and the second fluid reservoir was filled
with similar buffer of 18mM concentration. As 18 mM buffer gradually fills the chan-
nels the current decreases. When the current reaches to a constant value, the channel
had completely filled. Then, the experiment was repeated immediately by placing
the higher concentration buffer (20mM) into both reservoirs and reapplying the elec-
tric field. This time the higher concentration buffer (20mM) flows into the channel
and displaces the previously filled lower concentration buffer (18mM). Therefore, as
20mM buffer gradually fills the channel the current increases. After, 20mM buffer fills
the channel, the current reaches to a higher constant value which is expected to be
equal to the value at the start of previous measurement. Figures 5.11(a) and 5.11(b)
illustrate the typical measured current-time data for 20/18mM buffers of phosphate
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Figure 5.11: Data obtained from current monitoring method in a PMMA microchan-
nel using (a) 20/18 mM phosphate pH 7.2 buffer solution at different voltages of 500,
200, and 100 volts and (b) 20/18 mM tris pH 8.0 buffer solution at different voltages
of 400, 200, and 100 volts. In each experiment: line I represents the data obtained
when the channel was filled with the higher concentration buffer and following apply-
ing the electric field, the lower concentration buffer (18mM) flows into the channel
and replaces the higher concentration buffer (20mM). Line II obtained immediately
after line I by placing higher concentration buffer (20mM) into both reservoirs and
reapplying the electric field. The higher concentration buffer (20mM) flows into the
channel and replaces the lower concentration buffer (18mM) inside the channel.
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The current measurements and the switching of the voltage were automated and
computer controlled. According to the direction of the electroosmotic flow, which
was from the positive electrode to the negative electrode, the walls of the chan-
nels have negative potential means zeta potential (ζ) is negative. In each measure-
ment, the plot (I) represents the obtained current-time data when the low concen-
tration buffer (18mM) is transferred into the channel to replace the high concentra-
tion buffer (20mM). Immediately after that by placing higher concentration buffer
(20mM) into both reservoirs and reapplying the electric field, the higher concentra-
tion buffer (20mM) is transferred into the channel to replace the lower concentration
buffer (18mM) resulting to plot (II). All measurements show that by applying the
electric field the current immediately begins to change indicating that the channel is
filled with the substitute buffer.
The slope in each curve indicates the transient region where the buffer inside the
channel is replaced. If the 18mM buffer transfers into the channel and replaces the
20mM buffer, the slop is negative. If 20mM buffer transfers into the channel and
replaces the 18mM buffer the slop is positive. The transient time can be calculated
from the cross points of the fitted lines to the slope of the transient region and the flat
parts. The concentration difference must be small to ensure a uniform and constant
ion distribution resulting to a constant zeta potential, which determines the net charge
density and hence the liquid flow (eq 5.5.1). Since the eof velocity is typically in the
range of mm/s, it is better to use long channels (typically 1 to 2cm) to be able to
monitor the slope in the current-time data in a measurable time interval. Under these






where u¯ is the average electroosmotic flow rate, Ltotal is the total length of the channel,
and ∆t is the time required for completion of the replacement of the current from
one reservoir to another one. However, despite the observed linear relationship in
most parts of current-time data, the curved beginning and ending sections of the plot
makes it difficult to determine the exact transient time. To overcome this difficulty,
the method of slope measurement is employed where instead of identifying the time
interval, only the slope of the transient region in the current-time relationship is













where u¯ave is the average eof velocity, E is the electric field strength, A is the cross-
section area of the microchannel, and (C2-C1) is the bulk conductivity difference
between the replaced buffer and the new buffer. According to the direction of the
electroosmotic flow, from the positive electrode to the negative electrode, the walls
of the channel have negative potential.
To exploit the functioning of the fabricated microchannels, a series of current-
time measurements at different pH values and electric field strengths were conducted.
These characteristics are important for biomolecules dynamics and interactions inside
the channels. For example, the rate of some enzyme’s reaction varies with pH and
for some others specific pH is necessary to survive. Also for molecular separation
a lower eof velocity (ueof ) compared to eph velocity (ueph) is required. Therefore,
a series of experimental studies were conducted to investigate the influence of pH
variations and applied electric field strengths on the eof mobility. figure 5.12 shows
the eof mobility as a function of buffer pH. It shows a sigmoidal dependance of the






































Figure 5.12: Experimental measured electroosmotic mobility as a function of buffer
pH.
with reported results [114]. The buffers were phosphate pH 5.00 and 7.20, tris pH
8.00, and borate pH 9.05. An increase in µeof is observed as more surface species
become ionized at higher pH. This indicates that increasing the pH will increase the
zeta potential at the surface of the channels. It should be noticed that there is a limit
that the pH of a buffer can be changed1. So to investigate the microchannel behavior
at various pH the buffer should also change. Figure 5.13 is a plot of the measured eof
mobility versus electric filed strengths for various buffers. In all cases, the mobility is
not constant, even at low fields. This result is because the electroosmotic mobility is
proportional to 1
µ
and, therefore, increases with increasing buffer temperature. It is
important to note that the variation of the eof mobility with field strength is small,
so that plots of velocity versus field strength appear linear (see figure 5.14).
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Figure 5.13: Experimental measured electroosmotic mobility as a function of electric
field strength.
Table 5.1 shows the electroosmosis wall mobilities obtained at three different volt-
ages of 400, 200, and 100 volts using eq 5.5.2 and the second relation of eq 5.5.3,
which is in agreement with the measurements reported in literature on PMMA mi-
crochannels [198, 115, 114].







we can obtain the zeta potential of the channel walls, where u¯eof is the bulk eof
velocity assuming a unit of cm/s, µeof is the eof mobility with unit of cm
2/V.s, ζeof is
the electric potential at the slip plane near to the channel walls surfaces with unit of V



























Figure 5.14: Experimental measured electroosmotic velocity as a function of electric
field strength.
equation 5.5.3 with above eof velocity of 8.42 × 10−5 m/s, water dielectric const
of ε=80 C2/N.m2, vacuum permittivity of ε0=8.854 × 10−12 C2/N.m2, and water
viscosity of 0.001 Ns/m2, the zeta potential values for tris, and phosphate are obtained
which are reported in table 5.1. The molarity of the capillary was chosen such that
no pH gradients develop during the duration of the experiment and so the molecules
do not agglomerate or appreciably adsorb to the channel surface. Since the measured
electroosmotic flow rate is small compared to glass, the walls of the microchannels
would not require any coatings to reduce the fluid flow for performing high-resolution
molecular separations. The proportional increase in electroosmotic flow rate according
to zeta potential reported in table 5.1 indicate that the flow is a function of the
surface charge on the channel walls and increasing the electric field strength will
increase the surface charge proportionally. In conclusion, we have characterized the
eof flow in fabricated microfluidic channels in PMMA utilizing proton beam writing.
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Table 5.1: EOF mobilities for PMMA microchannel (50×50 µm2 cross section, 2.1cm
long) measured for 20/18 mM borate pH 9.05, 20/18 mM tris chlorate pH 8 and 20/18
mM phosphate pH 7.2 buffers.
Buffer Applied Voltage µeof ζeof
(V) (10−4 cm2/V.s) mV
400 4.9±0.1 68.9±6.9
borate 200 4.7±0.2 66.9±5.0
pH 9.05 100 3.7±0.3 52.9±4.3
400 4.4±0.1 61.8±0.8
tris 200 3.8±0.2 53.8±2.6
pH 8 100 3.1±0.2 44.1±3.4
400 3.8±0.5 53.8±7.0
phosphate 200 2.3±0.5 32.9±7.2
pH 7.2 100 1.4±0.2 19.6±3.2
The electrokinetic flow inside the channels exhibit a laminar flow with a flat velocity
profile in consistent with the theoretical calculations. The bulk flow measurements in
conjunction with the particle tracking velocimetry indicate a laminar flow identical to
a glass capillary which means it is possible to have a plastic microchannel that is as
good as a fused-silica capillary. This is only the case if the surface charge density (zeta
potential) is uniform on all of the walls of the channel which is fabricated from the
same material. There is no surface modification caused by the fabrication technique.





In this PhD thesis, we have developed proton beam writing for microfluidic appli-
cations. We have taken two approaches: one using proton beam writing directly to
fabricate microfluidic structures into resist polymers, and the other consisting of a
combination of proton beam writing with nickel electroplating to fabricate a metal
stamp which can be used to replicate microfluidic structures into different polymers
using nanoimprint lithography. For direct writing a focused beam of high energy
protons were used directly to pattern PMMA resists. After development, the mi-
crochannels were sealed and tested for fluid flow. The Electrokinetic effect, which
utilizes an electric field to move fluid inside the channels, is used as the method
of actuation. The channels were characterized using recent developed microfluidic
characterization methods such as particle image velocimetry and current monitoring.
These methods are used to measure the flow rate, flow velocity profile and zeta poten-
tial or the potential near to the walls of the channels. These are important parameters
for microfluidic applications. Since, these methods are not commercially available or
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if they are, they are very expensive, therefore we had to develop them for our particu-
lar applications. After direct writing of the microfluidic channels, we move toward the
stamp technology to transfer the patterns into different polymers for mass production
of the microfluidic structures. This has several advantages compare to direct write
methods. Although direct writing is very precise, it is very slow, and consequently
expensive. It is also restricted to resist materials. To apply the technique for mass
production of the channels not only in resists but also in other polymers, an imprint-
ing method is the best choice. We have used the combination of proton beam writing
and nickel electroplating to fabricate high quality metallic stamps for nanoimprint
lithography. Metallic stamps with smooth side walls (7nm) and high aspect ratio
(20) structures on its surface, from micron size down to sub-100nm have been fabri-
cated. Two methods of electroplating high aspect ratio nanofeatures were explored to
eliminate the problem of void formation inside the plated structures. Both methods
rely on the deep straight vertical range of focused nanosize beam of high energetic
protons into resist materials which is the unique characteristic of light MeV ions.
The imprinting of channels from micron size down to nanosize were performed
successfully with sharp and smooth edges, vertical walls, and flat top and bottom
surfaces. Pattern replication was performed in different molecular weight PMMAs,
and by using this approach one can produce structures with different depths by con-
trolling only the thickness of the spin coated layers.
6.2 Future Developments
The ability to replicate sub-100nm high aspect ratio nanofeatures into variety of poly-
meric substrates utilizing nickel nano-stamps fabricated by PBW in conjunction with
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nanoimprint lithography is of crucial importance to the future advance of proton beam
writing. The nanofabrication process developed can be improved by improving the
quality of the fabricated stamps. The stamp characteristics such as flatness, hardness,
and internal stress can be improved by optimization of the electroplating conditions
as well as additional polishing and coating processes. A low plating current in con-
junction with a pulse plating process can reduce the stress of the stamp with improved
flatness and can enhance the hardness and smoothness of the stamp structures. Ex-
periments which determine the correlation between the stamp hardness, flatness, and
smoothness in the plating process can be used to investigate the optimum production
condition. To obtain the high productivity required for mass production, the stamp
must be durable in repeated NIL processes and strong in contact with the substrate.
Diamond is a promising candidate which can be sputter-coated on the surface of the
stamp using sputtering techniques such as FCVA.
Nanoimprint lithography is a mechanical pattern transfer technique which requires
a complete process parameter control. Among different NIL processes, high aspect
ratio NIL is the most challenging one suffering from defects, pattern distortion, and
stamp damages, however, such effects can be reduced by improving the imprinting
conditions. The developed imprinting process can be improved by the design and
construction of a vacuum system to perform the NIL process in vacuum which en-
hances the imprint quality by removing the trapped air bubbles between the stamp
and the imprinted patterns.
Since the NIL process replicates the patterns by mechanical means, the polymer
material used in the nanoimprinting process should be easily deformable and should
maintain its mechanical stability after imprinting. Therefore, the imprinting process
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developed can be improved by introducing and testing new types of polymer materials.
Future experiments need to be carried out to identify suitable imprinting polymers
for specific applications and its optimum imprinting conditions.
In terms of applications, the nanofluidic channels which we fabricated by NIL
should be sealed and tested for fluid flow characterization. The nonuniformity of
the polymer surface or damages introduced to the channels during bonding process
can make this process very challenging. The particle tracking system developed for
microfluidic characterizations has a spatial resolution of 1-2 microns which is greater
than the entire size of the nanochannel. The system can be improved by intro-
ducing a high magnification inverted epifluorescent microscope equipped with multi
wavelength, pulsed-laser illumination and a high magnification and a high numerical
aperture lens. The CCD camera in the system should be upgraded to a high speed
high resolution sensitive CCD camera with a high collection efficiency, and a proper
cooling system to reduces dark noise and minimal thermal drift.
The ultimate test of proton beam writing is the ability to fabricate stamps down
to the nanoscale, using NIL to produce multiple copies, and to fabricate nano-fluidic
devices which are of practical importance. Currently, experiments are in progress to
























where λ is the mean free path of the fluid molecules, and L is the Characteristic length
of the fluid channel such as the lateral width of the channel. Usually the Knudsen
number describes the criterion where the fluid transfers from a continuum regime to
discrete molecular regime. In other words, Knudsen number shows the limits where




(ordinary density levels) Slip flow regime
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Figure A.1: Knudsen number relates the channel dimensions to the continuum as-
sumption for the fluid low.
There we can’t define any physical characteristics based on continuous assumption
such as density and viscosity. Figure A.1 describes the relationship between the










Zeta potential: If we imagine a particle in a suspension and this particle has a
negative surface charge, this negatively charge particle will attract ions of opposite
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charge or positive ions to the surface. These ions are tightly bound and the layer
immediately surrounding the particle surface is known as Stern Layer. If we move
further away from the particle, ions are now diffusing more freely around the particle.
This layer of ions are know as the diffuse layer. Somewhere within this diffuse layer
there is virtually a boundary. This boundary is know as Hydrodynamic plane of shear
or slipping plane. This basically designates where ions which too far away from that
particles will not move with the particle as a single entity, whereas those ions within
that boundary will move with that particle as a single entity.
Appendix B
PMMA and SU-8 Spin-coating
Curves
(b)
























Figure B.1: (a) PMMA spin-coating curve 950PMMA A resist with 9%-11% solid





AAO Anodic Aluminum Oxide
AFM Atomic Force Microscopy
AFMEN AFM-assisted electrostatic lithography
CCD charge-coupled device
CEM Channel Electron Multiplier
CVD chemical vapor deposition
DOF depth of focus
DPN Dip-Pen Nanolithography
DPP discharge produced plasma
EBL Electron Beam Lithography







FIB Focused Ion Beam
GAE gas assisted etching
GBL Gamma Butyrolactone
HEL Hotembossing Lithography
IMRE Institute of Materials Research and Engineering
IPA Isopropanol Alcohol
IPL Ion Projection Lithography
nTP nanotransfer printing
NGL Next Generation Lithography
LADI aser-assisted direct imprint
LDV Laser Doppler Velocimetry







OPC optical proximity correction
SFIL Step and Flash Imprint Lithography
MicroCP Soft Lithography or Microcontact Printing




RBS Rutherford Back Scattering
RON roller nanoimprint
SAMs self assembled monolayers
SRAF subresolution-assist-feature
SSIL step-and stamp nanoimprint
SU-8
TDMA Time Division Multiple Access
XRL X-Ray Lithography
XPS X-Ray Photoelectron Spectroscopy
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